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m m R jm
A scheme fo r  the  proper sequence of a p p lic a tio n  of a 
number of s tre a k  reagen ts  has been worked ou t. Such a 
scheme should be of considerab le  use In  q u a li ta t iv e  organic 
a n a ly s is  f o r  p re lim in ary  exam ination of mixtures* A six*  
tm m  o f th e  unknova compounds l a  adsorbed m  a  su ita b le  
adsorbent mod th e  various c la s s e s  of compounds in  the  mix­
tu re  a r e  Id e n t i f ie d  by the  a p p lic a tio n  of the reagen ts 
sbese s e le c t iv i ty  has been estab lish ed *
A maaber of m a te ria ls  have been studied fo r  p o ssib le  
use as chromatographic adso rben ts, The m a te ria ls  are  usefu l 
as adsorben ts vheii th e  in te ra c t io n  tendencies of such mate­
r i a l s  a re  of s u f f ic ie n t  magnitude so th a t  adsorp tion  of 
s a lu te  m a te r ia ls  I s  ap p rec iab le , A sp ec ific  r a t io  of th e  
In d iv id u a l I n te r e s t  ion  tendencies i s  shoua to  be ap p licab le  
f o r  p re d ic tin g  the  type adsorbent to  be used to  separa te  a 
given m a tu re  of so lu tes*
A study of the e f fe c t of the s id e  c h a in  on the adso rp ­
t io n  of a  homologous s e r ie s  of a l ip h a t i c  a lc o h o ls  has 
shewn the  e f fe c t  of changing the so lv e n t i n  th e  system*
A so lu tio n  of formaldehyde in  s u l f u r ic  a c id  has been
1
2used to  d e tec t aromatic hydrocarbons when adsorbed on a 
chromatograpblc column. A number of aromatic hydrocarbons 
have been stud ied  fo r  th e i r  adso rp tion  c h a ra c te r is t ic s  on 
s i l i c i c  acia  from a  number of non-aromatic solvents* The 
r e la t iv e  s tre n g th  of such so lven ts as developers was 
estab lished*  in  decreasing  developer s tre n g th  as carbon 
d isu lf id e#  carbon te tra c h lo r id e #  cyclobexane, and n-toeptane*
The w e n t Ion  involved i n  th e  form ation  of colored  
products ehea f  oxmaldehyde~sulfuric acid  l a  applied  to  
arom atic hydrocarbons has been stud ied  from the standpoint 
of th e  m a te r ia ls  involved and th e  absorp tion  sp ec tra  of the 
colored  products* R esu lts  in d ic a te  the unique ro le  of the  
s u lfu r ic  acid  in  the  re a c tio n  and th e  re a c tio n  probably 
fo llow s the  form ation of a carbon!urn io n .
The f i r s t  d ir e c t  evidence fo r  bond form ation between 
am ad so rp tiv e  end an adsorbent has te e n  obtained using 
r e f le c t io n  measurements* The change in  the  absorp tion  
sp e c tra  f e r  th e  pure compound and when such a compound 
i s  adsorbed on s i l i c io  sold follow s e s tab lish ed  evidence 
fo r  hydrogen bond fo n aa tlo n  in  so lu tio n .
IKTRODOCTIOH
**» *«otalq«*a of organic e tam U try  have been advanced 
l a  lwa#n« years by tb*  re in tre d u c tio n  of a  technique fo r  
M p m t l M ,  I s o la t io n  and p u r if ic a t io n  of em peunde.
X
i s  safe  to  My th a t  the  v a r ie ty  of methods included 
under th e  genera l te r n  of adsorp tion  an a ly s is  make up an 
appreciab le  percentage of the  techniques of organic (and 
in o rg an ic ) chem istry  commonly used today#
A dsorption an a ly sis  had i t s  in cep tio n  in  1906 In  
the  la b o ra to ry  of M. Tswett (7 6 ) during h is  s tu d ie s  on the 
chem istry  of chlorophyll*  The method i s  more popu larly  
re fe rre d  to  as Chromatography or Chromatographic Analysis# 
and i s  based on the  d iffe ren c es  in  adsorp tion  a f f in i t i e s  
of th e  components of a  mixture* Small d iffe ren ces  in  
adsorp tion  a f f i n i t i e s  w ill cause the  components to  move 
up or down a column of adsorbent a t d if fe re n t ra te s  when 
washed by a solvent* The method i s  extrem ely v e rsa tile*
Hew m a te ria ls  are  being discovered or synthesised each 
day fo r  use as chrcm atographio adsorbents to  be added to  
th e  wide v a r ie ty  a lread y  used# Hew ap p lica tio n s  fo r  
sp e c if ic  so lu te  m a te ria ls  are  reported  w ith g rea t fra*  
queue y, The n a tu ra l v ic is s i tu d e s  of the  method make i t
3
4©ne of th e  meet su b tle  and u se fu l a n a ly tic a l to o ls  of 
*&* chem ist.
With th e  f u l l  r e a l i s a t io n  of a l l  the q u a l i t ie s  in ­
h eren t in  th e  technique, th e re  should he no question of 
th e  app lica tion , of th e  c h r  omafc©graphic technique to  the 
problem of q u a l i ta t iv e  organic analysis*  The mechanism 
vhieh opera tes du ring  th e  chromat©graphic process recom- 
aenda th a t  p rocess to  any problem in  uhich the  sep ara tio n  
sod id e n t i f io a t io n  of components in  a  mixture i s  essen­
t i a l*  Chromatography lends i t s e l f  s e l l  to  th e  pedagog­
i c a l  requirem ents th a t  th e  method of sep ara tio n  be 
dependent on c h a ra c te r is t ic  chem ical fe a tu re s  of the 
system being analyzed* as opposed to  sep ara tio n  on a 
p u re ly  p h y s ica l b a d s .  Such a problem i s  encountered 
in  q u a l i ta t iv e  organic a n a ly s is . The technique i s  not 
lim ited  to  m ixtures of organic compounds. A recen t 
scheme fo r  q u a l i ta t iv e  inorganic an a ly s is  i s  p red ica ted  
cm chromatographic an a ly s is  (2 5 ); another scheme i s  based 
cm adso rp tion  of m e ta llic  ions onto paper (22*60)* I t  i s  
not u n lik e ly  th a t  a s im ila r  scheme u t i l i s in g  io n  exchange 
methods s i l l  be forthcom ing.
The adso rp tion  c h a ra c te r is t ic s  of aromatic hydro­
carbons are In te re s t in g  th e o re t ic a l ly  in  th a t  the  means 
by vhich such compounds ere adsorbed i s  not com pletely 
understood* In  th i s  c la s s  of compounds the  e f fe c t of the
5aid© chain  in  adsorp tion  © ill be more apparent sine© the 
aromatic hydrocarbons are very wafcly adsorbed and no 
fu n c tio n a l group i s  p resen t in  the  molecule to  obscure 
any e f f e c t  a  side  chain  may have i n  adso rp tion .
Many in v e s t ig a to rs  have proposed hydrogen-bond 
form atlem to  ex p la in  adso rp tion  sequences in  c e r ta in  
instances*  R eflec tio n  spectroscopy may In d ic a te  ©bather 
sash  bending does occur bstveen  an adsorbed p a r t ic le  
and th e  adsorben t. R eflec tio n  measurements may be the 
to y  to  th e o re t ic a l  s tu d ie s  on s o lid - l iq u id  systems*
HBYIEW OF THE lilTBaATUEK
Chromatography ia  e s s e n t ia l ly  a method fo r  c o u n te r -  
c u rre n t a p p lic a tio n  of adso rp tion . In  the  sim plest case  
th e  adsorbent i s  packed In  a tube to  fa n s  a column and 
th e  so lu tio n  to  be analyzed I s  passed through I t .  The 
e f f ic ie n c y  of the  method l a  explained by the  counter- 
c u rre n t n a tu re  of th e  p ro cess . The f lu id  and th e  adsor­
bent more i n  opposite d ire c tio n s  r e la t iv e  to  each other*
TJ& gfet ur e of
The procedure of chromatography may be generalized  
as fe llo e s*  The so lu tio n  to  be analyzed l a  passed through 
the  column of adsorbent* share  up on any adaorbable m a te ria ls  
p resen t are brought in to  co n tac t s i t h  th e  so lid  In te rfa c e  
share they  concentrate*  D iffe ren t adso rp tion  a f f in i t i e s  
fo r  th e  compounds s i l l  a f f e c t  the  r a te  a t which the  com­
pounds s i l l  move dosn the  adsorbent column when washed by 
a  pure solvent* In  favorab le  in s tan ces  d is t in c t  zones 
are formed- When th e  in d iv id u a l zones are  separated the  
chromatogram i s  said  to  be developed* The liq u id  used t o  
sep ara te  th e  zones I s  c a lle d  th e  developer.
I f  th e  separated zones are  washed th ro u g h  th e  column 
and c o lle c te d  in  successive f r a c t io n s , such a  c o l l e c t i o n
6
7IS e a i le d  S liq u id  chromatogram* The complete p rocess l e  
e lu t io n  analysts*  The separated  zones may be recovered 
from th e  adsorbent column d irec tly *  The column i s  extruded 
from the  tube and the  separated  zones are  cu t from the 
column* The adsorbed substance in  each som  i s  then  re­
covered by e lu tio n  or desorp tion  w ith  the  aid of a  s u i t ­
ab le  eluent* The most s tro n g ly  adsorbed so lv en ts  are the  
moat commonly used eluents*
There i s  a  d is t in c t  advantage when the  adsorbed 
m a te ria l l a  colored so th a t  th e  p rogress of the  zones down 
the column may be followed v isually*  Various techniques 
have been described fo r  follow ing the  adsorp tion  process 
when c o lo r le s s  m a te ria ls  are  encountered* One method 
invo lves s treak in g  the  extruded column w ith a su ita b le  
color-form ing reagent in  order to  lo ca te  the  adsorbed zone. 
F luorescent m a te ria ls  have been added to  th e  adsorbent and 
the  chromatogram i s  observed under u l t r a v io le t  l ig h t  ( 11* 
10*64)* Some n a tu ra l occurring substances fo r  which ad­
so rp tio n  an a ly s is  i s  s u ita b le , re a d ily  flu o resce  (35#B4).
A new technique uses an in fra re d  image converte r tube (33). 
Other techniques measure some p h y sica l p ro p erty  of the  
adsorp tive  e i th e r  as the  adso rp tive  is su e s  from the  base 
of th e  solemn or as i t  moves down the  column (53*73)*
The th eo ry  of chromatography has received a tte n tio n
t rum a  number of au thors and has been approached In  a 
v a r ie ty  of nays.
Wilson (8 ?) had attempted a th e o re t ic a l  treatm ent of 
chromatography n eg lec tin g  d if fu s io n  and assuming in s ta n ­
taneous equ ilib rium  between the  so lu tio n  and th e  adsorbed 
m ateria l*  The equation  of conserva tion  fo r  a flowing 
process end l in e a r  iso therm  was solved fo r  general 
so lu tio n s  to  th e  d i f f e r e n t ia l  equation* This theory  pro- 
d ie ts  th e  sharpness of band formation*
DeVault (2 l)  extended th e  th eo ry  proposed by Wilson 
and obtained a  more complete so lu tio n  of the  d i f f e r e n t ia l  
equation  d escrib in g  th e  chromatographic process which pre­
d ic ts  both sharp and d iffu se  boundaries to  the bands 
formed and developed in  the chromatographic column* The 
case of a  s in g le  so lu te  as w ell as m u ltip le  so lu te s  has 
been worked out* The q u a n tita tiv e  agreement w ith ex p eri­
mental d a ta , a t  le a s t  in  the case of l&urlc acid on char­
coa l (15)# i s  s u f f ic ie n t ly  good to  ju s t i f y  the assumptions 
made*
Weiss derived a general theo ry  of chromatography f o r  
s in g le  so lu te  on the  b a s is  of Langmuir, Freund l ie h  and 
l in e a r  Isotherm s (8 l ) .  The conclusions agree w ith the 
p re d ic tio n s  of the  DeVault theory* Weil-Malherbo dovisod 
an experim ental study wherein the  treatm ent of Weiss f o r  
n o n -lin e a r isotherm s was c lo se ly  followed (80)* The
system stu d ied  consis ted  of the  adso rp tion  of benspyrene 
Qttto alumina from bensene solu tion*
The equ ilib rium  th eo ry  of chromatography has the  
advantage of s im p lic ity  and i s ,  hence, of considerab le  use 
in  th e  q u a lita t iv e  in te rp r e ta t io n  of experim ental data*
The theory  i s  not expected to  hold where equ ilib rium  is*  
not a tta ined*  Thomas (72) 3ms attem pted to  In troduce a 
reasonable mechanism which w ill  give a lag  in  th e  a t t a in ­
ment of equilibrium * This he accomplished by tak ing  
e x p l ic i t  account of th e  f i n i t e  r a te  of adso rp tion  and 
assumed th a t  the  r a te  i s  determined by chemical a f f e c ts ,  
i*e* # not d if fu s io n  c o n tro lle d . The re s u lt in g  theo ry  was 
shown to  be in  e x ce llen t q u a l i ta t iv e  agreement fo r  the  
ease of system follow ing a hengmulr isotherm*
The theo ry  fo r  the case of m ultip le  so lu te s  in  the 
adso rp tion  system has not been com pletely worked out* 
Progress i s  being made in  th a t d ire c tio n  by use of p la u s­
ib le  assumptions fo r  the r e la t io n s  between co n cen tra tio n  
changes of m u ltip le  so lu te s  in  a  s in g le  solvent*
Sluafcauf (23) gave a  complete an a ly sis  of the chromato­
graphic process fo r  the  case of two solutes# the adsorp­
t io n  follow ing a Langmuir Isotherm* The development i s  
s im ila r  to  the  approach taken by Weiss (B l).
M artin and Synge (50) have developed a theory  of 
chromatography in  a form app licab le  to  cases of l in e a r
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ad so rp tio n  isotherm s i n  eh ich  e f f e c ts  of d if fu s io n  and 
nonfat talnment of equ ilib rium  a re  taken  in to  account by 
d iv id in g  the  column in to  " th e o re tic a l  p la te s ” s im ila r  to  
th e  d iscu ss io n  of a d ie t  i l l a t i o n  column, They p resen t 
experim ental evidence th a t  th e  heigh t equ iva len t to  m e 
th e o re t ic a l  p la te ,  under th e i r  conditions*  I s  about 0*002 
centim eters*  This p o in ts  out vhy chromatography la  such 
a powerful to o l  in  th e  sep a ra tio n  of complex mixtures*
In  the  case of io n ic  adso rp tion , W alter (?8) assumed 
th a t  th e  in te r a c t io n  between the  d isso lved  and adsorbed 
m a te ria l i s  governed by the  o rd in a ry  re la t io n s  of chem ical 
equ ilib rium , A l a t e r  paper by the  same a u th o r s tu d ie d  th e  
chromatographic adsorp tion  process from th e  k in e t ic  p o in t 
of v ie s  (79)« ¥he problem has been attacked  by o th e rs  i n  
connection w ith  the  chromatography of ions on exchangers 
( 5 , 6 , 7 , 5 1 ) .
T lse llu s  has approached th e  problem  i n  a  s l i g h t l y  
d if fe re n t say* He h as  t r i e d  to  use as sim ple t h e o r e t i c a l  
models as p o ssib le  i n  o rd e r  to  g e t sim ple bu t s t i l l  u s e fu l  
r e s u l ts  fo r  th e  ac tu a l c a lc u la t io n s  when s e p a ra t in g  com­
plex m ix tu res, A simple arrangem ent f o r  chrom atography 
i s  when a s o lu t io n  c o n ta in in g  one o r s e v e ra l  s o lu te s  i s  
forced through the coliaan of a d so rb e n t. The c o n c e n tra t io n  
of th e  e f f lu e n t  i s  determ ined and p lo t te d  as a fu n c t io n  of 
the  volume which has passed th ro u g h  th e  f i l t e r .
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C haracter! s i lo  om»ve« a re  obtained shewing on# s tep  fo r  
every  solu te*  T his p rocess was named f ro n ta l  an a ly s is  
by T la e liu a  (73)« In  displacem ent analysis#  in troduced 
by T ise llu s (7 4 )  in  19**3> the substances to  be separated 
a re  adsorbed a t  the  top  of the  coliaan. a  so lu tio n  of a 
substance w ith s tro n g e r adso rp tion  th an  th a t of the  un­
known m ixture i s  th e n  forced through the  column* This 
developer w ill  then  d isp la ce  th e  d if fe re n t  substances 
which a lso  w il l  d isp lace  each other* Thus each component 
of th e  m ixture w ill  appear in  th e  e f f lu e n t .  The theory  
p f f r o n ta l  a n a ly s is  and displacem ent an a ly s is  aw  s im ila r  
and q u a l i ta t iv e  and q u a n tita tiv e  an a ly s is  may be obtained 
from the  experim ental d a ta .
i»plilc<U, Equation of LaRoeen
R ecently  a  new tren d  has become apparentj attem pts 
have been made to  r e la te  ex ten t of adsorp tion  to  chemical 
s tru c tu re  of th e  ad so rp tiv e . Much work has been done on 
r e la t in g  th e  sequence of zones on the  column# as w ell as 
th e  ra te  of movement of zones to  the  chem ical nature of 
the  adso rp tive  in  th e  so w . C laesson (1?) has form ulated 
the  dependence of th e  adso rp tion  of some homologous se r ie s  
on carbon; Brockm&im (8) has in d ica ted  th e  adsorp tion  
sequence of c e r ta in  fu n c tio n a l groups on alumina; B ate- 
Smith and Whet a l l  (3) have shown the  e f f e c ts  of -Oil 
groups to  be approxim ately ad d itiv e  in  p a r t i t io n
1 2
chromatography of polyphenols; leRomu and
have developed a  m athem atical statem ent of th e  r e la t io n
^ t w « a  s tru c tu re  and ad so rp tio n  on c e r ta in  adsorben ts.
B efore th e  e f f e c ts  of chem ical s tru c tu re  on th e  ra te  
of movement of a  chromatographic 2 one could he studied* 
i t  vaa necessary  to  e s ta b l is h  the  methods and cond itions 
requ ired  to  give comparable measurements# M uller (55) 
measured th e  a c t iv i ty  of an adsorbent by co lo rim etric  data* 
C laessan ( 1 7 ) standard ised  adsorbents by means of the  con­
s ta n ts  of th e  Langmuir adso rp tion  iso therm . Weil-Malberbe 
(8 0 ) has suggested th a t  the  wbrealt~thraug$i volume" p e r 
un it v e i^ i t  of adsorbent be used to  coaspar© adsorbents and 
e lu e n ts . LeKosen has made a aaaevhat d if fe re n t approach 
to  th e  s ta n d a rd isa tio n  of adsorbents (38). A number of 
term s ver© defined to  m &sure f lo ^  c h a ra c te r is tic s *  
packing in  the  coilman and fo r  measuring adsorp tion  a f ­
f in ity *  A fu r th e r  in v e s tig a tio n  o f th e  f a c to r s  c o n tro l­
lin g  the  f lo v  c h a r a c te r is t ic s has  shovn th e  dependence of 
flo v  r a te s  on pressure* column len g th  and solvent v iscos­
i t y  (40)• The term  used to  describe  the  packing c h a ra c te r­
i s t i c s  has a ls o  been the  sub jec t of a  fu r th e r  in v e s t ig a t io n  
(59)* The term  defined to  measure adsorp tion  a f f i n i t y  i s  
of fundamental importance* and has been d e s ig n a te d  as th e  
B value*
The R value i® the  v e lo c i ty  ( r m / r n l n )  of movement of 
th e  adsorp tive zoo© d iv id ed  by th e  v e lo c i ty  of flow of
developing so lven t ( 3 8 ) • T his term was defined by M artin 
end Synge (5 0 ) in  nearly  tbe same way and a t  n e a r ly  th e  
sane t in e . XaRooen has Shown th a t  R l a  id e n t ic a l  w ith the  
f r a c t io n  ^  % ,  where Ts i e  th e  average t in e  th a t  an ad-
•o rp tiv e m olecule spends i n  so lu tio n  between adsorp tions
and Ta i s  th e  average t in s  on the  adsorbent (3 9 )* I t  may♦
a lso  bo shown (3 S) th a t  th© R value and the  p ropo rtion ­
a l i t y  constan t in  a l in e a r  adso rp tion  isotherm  are simply
p ro p o r tio n a lity  constant*  T his re la tio n sh ip  can be obtained 
iro n  a l l  of the  s e ll-k n o w  isotherm  trea tm en ts , Gonsden, 
Gordon and M artin  (16) derived th e  equ ivalen t expression  
fo r  p a r t i t io n  and paper chromatography# The term  f  i s  a 
measure of adso rp tio n  a f f in i ty  and has been ca lle d  Mthe  
adso rp tion  a f f in i t y ” (80)# The logarithm  of th i s  term has 
been c a lle d  Mg by Bate a~&aith and We s t a l l  (3) and i s  
approxim ately l in e a r ly  re la te d  to  the  number of su b s titu e n t 
groups i n  c e r ta in  se ries#
Because of the fundamental nature of R, the dependence
of R cm v a ria b le s  such as tem perature, column p o s itio n ,
i n i t i a l  volisae and i n i t i a l  co n cen tra tion  have a lso  been
studied* JRxperioentally i t  was shown th a t  B v a rie s  with
th e  i n i t i a l  consent r a t  io n  and to  a  le s s e r  ex ten t with
■>
in i t ia l  voliaw . r  I s  Independent of column p o s itio n  and
t e m p e r a t u r e  ( 4 l , J f i r ) .
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The cu lm ination  of th e  approach taken  by LeRosen was 
an em p irica l s p e c if ic i ty  equation  (44) which represented  
In  a simple way the  re la t io n  of the  adsorbent? the adsor­
p tiv e  and th e  so lvent and which included term s fo r  the  
s tru c tu re  of th e  adsorptive* The equation  take© the form#
and th e  term s ere  defined  as a
ft** a p p lie s  to  th e  sum. of th e  m olecular weight© of 
side  chains in  an adsorp tive molecule
© r e f e r s  to  th e  donor s tre n g th  of a  substance w ith 
resp ec t to  an e le c tro n  pair*  S ubscrip ts  a»s and 
d r e f e r  to  adsorbent# adsorp tive  and developer#
A r e f e r s  to  acceptor s tre n g th  of a  substance fo r
an e le c tro n  p a ir
D® re fe r s  to  th e  donor s tre n g th  of a substance in  
term s of an e le c tro n  p a i r  donated to  a  hydrogen 
atom in  hydrogen bond form ation
H re fe r s  to  acceptor a c tio n  of a  hydrogen bonding 
hydrogen fo r  an e le c tro n  p a i r
The magnitude of any one term w ith in  the  bracket gives 
an in d ic a tio n  of th e  r e la t iv e  In te ra c tio n  tendency of a 
p a r t ic u la r  substance in  a given system* The equation  has 
bean shown to  give c a lcu la ted  R values in  good agreement 
w ith experim ental data*
In  order to  proceed i t  was necessary  to  assign  
values to  c e r ta in  te rn s  fo r  c e r ta in  m aterials*  A ll 
subsequent values c a lcu la ted  are r e la t iv e  to  these  
assumed values o r ig in a lly  introduced*
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voxfc and have separated the normal primary alkyl d la i t r o -  
benzoates derived from the appropriate alcohol (88)*
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By ammn o f a  s im ila r  technique K irchner, P ra te r  and 
Haagen~amtt have separated  th e  p-phenylphenaoyl d e riv a tiv e s  
of th e  f a t t y  ac id s  l a  l t l  petroleum  ether*b©n£©no so lu tio n  
oa s i l i c i c  ac id ; th e se  d e r iv a tiv e s  have a blue fluorescence 
under u l t r a v io le t  l ig h t  (36 )* Any c la s s  of coaafpounds 
forming colored d e r iv a tiv e s  could e a s i ly  be adapted to  the  
chromatographle method*
MfWSBtegQ JB& gsdrogftn-BondHag
The o p era tio n a l d e f in i t io n  of adsorp tion  mates no 
mention of the  fo rc e s  Involved in  adsorp tion  and makes no 
c a l l  on mechanism. N evertheless the  problem of bond 
form ation  which i s  re la te d  to  adso rp tion  demands exam­
in a tio n . Humorous in v e s tig a to rs  have attacked the  problem 
of th e  t jp e  of band th a t e x i s t s  between the  adsorp tive and 
th e  adsorbent and a re  thereby  concerned w ith the  change In  
energy th a t  may occur In  th e  p ro cess .
The adso rp tion  of carbon dioxide and ammonia on s i l i c a  
g e l has been ascribed  to  e le c tro n  donation and/or hydrogen- 
bonding of th e  gases to  the g e l s tru c tu re  (49)* Spectro­
scopic evidence fo r  hydr agen-bending between water and 
p ro te in  m olecules was obtained by H ills  and Bath (24).
The au thors used heavy w ater to  obtain  a  la rg e  s h i f t  in  
th e  m od ifica tion  of th e  ~HH* -OH v ib ra tio n s  in  the near 
in fra red *  The work was extended to  the in fra re d  reg ion  
w ith s im ila r  r e s u lts  (66). He su it 2 of pho sphere sc ©no ©
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s tu d ie s . have been o«pl«in©a on tit® form ation of hydrogen- 
bonds between so lven ts  and dyes used in  the  phosphor©0 
Y&aemoto and Iwaldt concluded th a t  hydragen-bonds of ad~ 
sorben ts or any r ig id  madia are  im portant fa c to rs  to  dye 
phosphors (8 5 )*
The im portance of hydrogen-bonding in  chromatography 
fcaa been in d ica te d  by Boyer (34) she separated  the  isom eric 
*M 0 » d±* t r i  and tetrahydroxyanthroquinones. The order 
of ad so rp tio n  depends on th e  in tram o lecu la r bonds formed.
E ider and Springer (2 3 ) have explained c e r ta in  phase© 
of th e  adso rp tion  of f a t t y  ac id s on s i l i c a  gel by p o stu la ­
t in g  th e  occurence of hydrogen-bonding between the adsorp­
t iv e  and adsorbent* Schroeder (6 3 ) c o rre la te d  the 
r e la t iv e  adso rp tion  a f f in i t i e s  of c e r ta in  d e riv a tiv e s  of 
diphenyl amine and N -ethylanl 11 ne w ith th e  s tren g th  of the  
hydrogen-bcmds which could be formed* Be assumed th a t 
adsorp tion  0a  s i l i c i c  acid  tafcee p lace  p rim arily  through 
hydr ogea-b ending •
The approach to  the problem of th© re la t io n  of the 
s tru c tu re  of th e  m olecules and ex ten t of adsorption, taken 
by LeBoeaa and a ©workers (44) i s  based on e le c tro n  p a ir  
donor*accept or tendencies as w ell as hydrogen-bedding 
in te r a c t  lone* The re s u lta n t  s p e c if ic i ty  equation  takes 
in to  account th e  In te ra c tio n  tendencies of the  adsorbent* 
the  developer and the adsorptive*
Reflection measurement g
R eflec tio n  methods have received considerab le  a t ­
te n tio n  from the  p a in t and paper In d u s tr ie s  (2?*7l)*
Tan den Sicker (77) has shorn th a t  dye co n cen tra tion  on 
paper can he de tera ined  by r e f le c t io n  measurements* an 
expression  s im ila r  to  th e  Beer^haabert equation  fo r  tra n s -  
ml s a l  on measurements* has been worked out by Guellce and 
Fit*Simeons (29 ) f o r  r e f le c t io n  measurement®* H olm  (56 ) 
ca lc u la te d  th e  re f le c ta n c e  curve of a  sheet of paper from 
a  knowledge of th e  s c a tte r in g  and absorbing p ro p e rtie s  of 
th e  undyed paper and th e  dyes used* By s im ila r  consider­
ations* Foote p red ic ted  th e  b rig h tn ess  of paper pulps w ith 
various f i l l e r s  in  adm ixtures (20),
The u l t r a v io le t  absorp tion  sp ec tra  fo r  a number of 
m e ta llic  o x a la tes  in  th e  so lid  s ta te  have been examined 
(4 ). A band vas observed which corresponded to  the two 
carboxyl groups of th e  oxalic rad ica l*  The f re e  acid  ha® 
a  band a t  longer wavelengths* A number of narrow bands
wars a lso  observed fo r  the  s a l t s  which had not been oh-
/
served w ith  transm ission  measurement®,f
• m t w r ,  b u  ahevn t h ,  e f fe c t  of adsorbed liq u id s  
cm a o U d i. Sim mu~l iolld deoreases
SO). A ll of h is  
d a ta  MSuftted S*m  r e f le c t io n  naa»ur®msnts.
OUTLINE OP FBQC&Aft
R ecognition o f th e  Inheren t a t t r ib u te s  of chroma- 
tographLo a n a ly sis im m ediately recommends th is  teohnique 
to  tbo  problem of q u a l i ta t iv e  organic a n a ly s is , a  
problem vaa designed to  apply the  recognized techniques 
of chromatographic a n a ly s is  to  q u a lita t iv e  organic anal­
y s is ,  T his a p p lic a tio n  co n sis ted  of' a) the  p relim inary  
exam ination of th e  m ixture, b ) sep a ra tio n  of m ixtures by 
Use standard chromatographic techn iques, « ) p u r if ic a tio n  
and separation  of d e r iv a tiv e s  fo r  f in a l  and p o s itiv e  
id e n tific a tio n  of m ixture components.
Previous work i n  th ese  la b o ra to r ie s  has been d irec ted  
tesard an em pirical ev a lu a tio n  of th e  chromatographic 
method* During th e  course of such experim ental work, 
considerable use vaa made of reagen ts which produced 
colored products s i t h  o o lo rle ss  m a te ria ls  p rev iously  
adsorbed on a column. Such reagen ts have been c e lle d  
streak reagents and numerous examples are  av a ilab le  in  the 
litera tu re*  A scheme fo r  the proper sequence of ap p lic a tio n  
of such streak reagents su ita b le  fo r  use in  q u a li ta t iv e  
organic a n a ly sis he* been o u tlin ed . Such a scheme vould 
enable a student to  id e n tify  th e  c la s se s  of compounds
IS
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centalmad i*v an organic m ixture a f t e r  i t  had been 8»p« 
a ra ted  o a  «  s u ita b le  adaorbemt i n  a  chrcmategraphic 
column* many of th e  w a g e a ts  were chosen m  th e  b a s is  
of w ell i t r a i  o la s  a i f l o a t i  on t e s t e  c u rre n tly  appearing 
is . standard manuals fo r  q u a lita t iv e  organic analysis*
Ones th e  id e n t i f ic a t io n  of th e  a la s  see of th e  com­
ponents of a  given m ixture has been completed* th e  c la s s ic a l  
methods to  he used fo r  th e  sep ara tio n  of such component a 
would become obvious,
A number of m a te ria ls  have been te s te d  fo r  us® as 
adsorbents* These m a te ria ls  se re  ch arac te rised  as 
e le c tro n  acceptors and hydrogen-bonding adsorbents by the 
method of LsBosen# An experim ental study on these  adsor­
ben ts was devised to  t e s t  the  s p e c if ic i ty  of these adsor­
ben ts  by n o ting  the r a t i o  of the  acceptor s tren g th  to  the  
hydrogen-bonding tendency* R esu lts  ind ica ted  th a t i n  a  
fee  in s ta n c e s  such a  r a t i o  would be of value* th e  acceptor 
and hydrogen-bonding s tren g th s  must be of s u f f ic ie n t  mag­
n itude  so that separation of th e  mixture components would 
be com plete•
A study of th e  homologous s e r ie s  of s tra ig h t chain  
a lco h o ls  was completed to  determine the  so lvent e f fe c t on 
th e  adso rp tion  of such a s e r ie s  of compounds# I r r e g u la r i t ie s  
in  adsorp tion  c h a ra c te r is t ic s  noted in  prev ious s tu d ie s  on
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bMMfcteecnw M M *a v .r*  again  p resen t but a  pronounced e h if t  
I n  th *  p ea ltiffli of suoh i r r e g u la r i t i e s  was observed. The 
ohaage l a  ad so rp tio n  e h a ra e te m a tlo a  was ascribed  to  th e  
d lffe re a o e s  l a  tb s  so lv en ts  involved .
During an in v e s tig a tio n  concerned w ith  th e  ap p lica tio n  
of chraaafcography to  q u a li ta t iv e  organic analysis*  a reagent 
was found i n  the  l i t e r a tu r e  whloh gave a c o lo r  re a c tio n  w ith 
erca a llc  hydrocarbons. The reagent p e m itte d  an in v e s tig a ­
t io n  of the adso rp tion  a f  aromatic hydrocarbons an chram&to- 
grsphlo adsorbents* Tbs hydrocarbons* slnoe th ey  con ta in  
a s fu n ctio n a l group* se ra  used to  te s t  the  r e la t iv e  s tren g th s  
of ca n o n  developing agen ts. The fu n c tio n a l group of a  mole-
*r
cu le l e  conceded to  be adsorbed on s i  l i e  a te  adsorbents* Tba 
carbon a ide  chains ac t as da te  re n ts  to  adsorp tion .
The c o lo r  producing re a c tio n  i s  in te re s t in g  and a 
mechanism fo r  the  re a c tio n  was Investigated*  The proposed 
mechanism involved the  form ation , in  the solvent medium, 
of a carbonium ion  vhieh reacted  e l th  the  so lu te s  to  form 
h igh ly  colored products of unknown composition*
Xuserous au thors have proposed mechanisms fo r  the  ad~ 
so rp tio n  phenomena# In  the  case of those in v e s tig a to rs  
assig n in g  adsorp tion  s tre n g th  fo r  compounds to  physica l 
f a c to rs  such as~ so lu b ility *  f lu id  flow* surface ten sio n  
e tc  * , evidence i s  av a ilab le  th a t such fa c to rs  are Indeed 
operating* The ac tu a l mechanism by *}hlch a compound i s
adsorbed, that i s ,  the type of bond th a t e x is ts  between 
th e  adsorp tive  and the adsorben t, has n o t been co m p le te ly  
e s ta b lish e d . Hydrogen-bonding has been assumed t o  p la y  a 
ro le  and has received much a t te n tio n  i n  exp la in ing  many 
adso rp tion  sequences. In te ra c tio n  betw een a d so rp tiv e  and 
adsorbent h as a lso  been baaed on the sharing  of a  p a i r  of 
electro n s between th e  two m a te r ia ls , the m a te ria ls  ac tin g  
as he v is  ac id s  o r bases.
Spectroscopic evidence fo r  hydrogen-bonding of mate­
r ia ls  to  an adsorbent has been obtained* The evidence i s  
sim ilar to  th a t  obtained fo r  hydrogen-bonding in  so lu tio n . 
Since a so lid  phase i s  encountered In  adso rp tion , re f le c tio n  
measurements r a th e r  than  transm ission  measurements vers 
taken to  dot ermine th e  abso rp tion  sp ec tra  of pure and 
adsorbed compounds. The change in  the absorp tion  sp ec tra  
of th e pure compound when adsorbed in d ica ted  the  form ation 
of a hydrogen*bend be t we the  adsorbent and the  adsorbed 
m olecule*
AWXXCATIQH or chrqmatooeaphy
TO QtMLZTiSTZVS OBOAHXC ANALYSIS
2M  y m m f f T  8BMB2M&&M 2 l  t te to a e a
\
The p re lim in ary  exam ination of m ixtures using the 
chromatographic technique involves chromatographing a 
so lu tio n  of th e  m ixture on a su ita b le  adsorbent* The 
so lven t may be varied  depending on the components of the  
mixture* The s e le c tio n  of th e  p roper adsorbent i s  depend- 
e a t m  the  so lven t used* In  most in s ta n ces  a  mixture can 
be separated  In to  a) benzene b) v o te r or c )  alcohol so l­
uble frac tio n s*  Of prim ary in te r e s t  i s  the  benzene so l­
uble group* The c la s se s  of compounds comprising th i s  
group m s  the  sub jec t of an In v e s tig a tio n  to  a sc e r ta in  
the  p roper sequence of s tre a k  reagen ts to  be applied to  
the  chromatographic column fo r  id e n t if ic a t io n  of these 
c la s se s  of compounds vhsn adsorbed on on adsorbent*
A survey of streak, reagen ts a lready  in  the l i t e r a t u r e
f
(43,46) in d ic a te s  the vide u t i l i t y  of an a lk a lin e  pem an- 
gan&te solution* This reagent i s  found to  be th e  most 
versatile since it d iv ides the  compounds in to  an oxidisable 
and a non-caid izable group* In  a s im ila r fash ion , a study  
of the  s treak  reagents a lready  used fo r  th e  d e te c tio n  of
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c e r ta in  c la s s e s  of compounds in d ic a te s  th a t  the compounds 
g iv ing  » p o s itiv e  pem anganate t e s t  are re a d ily  id e n tif ie d  
by tenoim reag en ts . Thus i t  was only a m atter of compiling 
th ese  reagen ts  In to  a  lo g ic a l scheme based on the sp ed *  
f i e i t y  of the reagents and the  r e la t iv e  adsorption  a f f in i ­
t i e s  of the  various c la s se s  of compounds found in  th is  
ca teg o ry . T h is scheme i s  by no means the only one p o ssib le  
fo r  th e  same groups of compounds but a survey of the 
completed s tu d ie s  would In d ica te  th a t  th i s  scheme i s  
thorough i f  n e t unique.
The permanganate negative groups rep resen t the  more 
unreactive  compounds under normal co n d itio n s . Because of 
th is*  most reagen ts  a re  app licab le  to  only one group or 
in  a  feu  in s ta n c e s  to  sp ec ific  compounds. A study was 
undertaken to  fin d  s tre a k  reagent® fo r  the  various c la sse s  
of compounds co ap ris ln g  the  permanganate negative c la s s  
of compounds. The l i t e r a tu r e  was searched f o r  reagents 
g iv ing  know  co lo r producing reaction® fo r  these c la sse s  
of compounds. These reagen ts were than  te s te d  fo r  th e i r  
a p p l ic a b i l i ty  when th e  compounds are adsorbed on an 
adsorbent.
B xporlneatal
The ergflfele compounds used in  th i s  study were p re ­
pared no O.0X molar so lu tio n s  in  benzene and adsorbed on
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Heroic reagent grade s i l i c i c  acid employing benzene as th© 
developer# A H a t of th e  compounds s tud ied , the  reagents 
e f fe e t lv e  in  t h e i r  d e te c tio n  and the  co lo r of the t a c t i o n  
product am  presented  in  Table 1*
R esu lts
At the conclusion of the  above experim ental study* 
i t  was p o ss ib le  to  devise a  sequence of s treak  reagents 
to  be applied  to  the  compound® p rev io u sly  labeled  m  p e r­
manganate n eg a tiv e . The complete "Sequence of Streak 
Reagents fo r  Q u a lita tiv e  Organic Analysis** i s  given i n  
Figure 1 . The p rep ara tio n  of a l l  reagents i s  given in  
published papers (43*^6).
S pecific  d ire c tio n s  fo r  performing the  t e s t s  are 
given in  d e ta i ls  aa© drop of the  unknown i s  d isso lved  in  
erne m i l l i l i t e r  of bensene# Using on©-half of th i s  so lu tio n , 
n t h  s i l i c i c  acid  as th e  adsorbent and developing the  
chromatogram n t h  pure ben&ene, a chromatogram i s  obtained 
wherein th e  sense are  separated . The column i s  extruded 
from th e  tube and streaked w ith  the  appropriate  reagent 
according to  th e  scheme in  Figure 1# I t  i s  obvious th a t 
only In  the  most favorab le  cases w ill  one chromatogram 
be s u f f ic ie n t  to  id e n t i fy  the components of the  m ixture  
when adsorbed on the  a d so rb e n t. T h e re fo re , th e  com plete 
scheme req u ire s  th a t a number of chromatograms be o b ta in ed . 
I t  I s  necessary  to  record th e  p o s i t io n  of z ones as d e te c te d
2 6
by a  given reagent a t  a l l  *!»©«, f o r ,  In a  few o a se s , 
th e  ew e  reagent w ill  give a  p o s itiv e  t e a t  fo r  more than  
one c la s s  of compounds and in  these  cases only subsequent 
t e a t s  s i l l  p ro p erly  id e n tify  the  c o rrec t c la s s  of compound 
present*
Another reason fo r  th i s  p a r t ic u la r  se le c tio n  and 
sequence of reagen ts to  to  applied i s  the  p a r t ic u la r  
adsorp tion  c h a ra c te r is t ic s  of c e r ta in  c la sse s  of com­
pounds* toe  example may to  seen by the f i r s t  reagent 
to  to  applied  to  the permanganate p o s itiv e  group, the  
dl&soniua reagent re a c ts  w ith  aromatic amines, phenols 
and s u lfu r  compounds* In  general w in e  compounds are 
so re  s tro n g ly  adsorbed than  phenols which, in  tu rn , are 
much more s tro n g ly  adsorbed than  the  su lfu r  compounds*
Thus the  compounds are separated  cm the  b a s is  of th e i r  
adsorp tion  s tre n g th s  and id e n tif ie d  by the s treak  reagent* 
A student should have no d i f f i c u l ty  d is tin g u ish in g  between 
these th ree  types of compounds* Chi s i l i c i c  acid I t  I s  
g en e ra lly  observed th a t  the  order f o r  decreasing s tren g th  
of adso rp tion  i s  n itro g en , oxygen, and s u l f u r  compounds. 
Having acquired a  knowledge of the c la s s e s  of compounds 
p resen t in  the  m ixture, the c l a s s i c a l  s tan d ard  methods 
of sep ara tin g  m ixtures may bo fo llow ed th e r e a f t e r .
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S treak  Reagents f o r  Permanganate negative Scheme
Beagent Compounds Detected Color
B raaa te -3 t a rch -io d id e  A eetle As Id  Black
a»H eptylio 40Id Black
Laurie Acid Black
Bensole Acid Black
AmmeoJ.ua C hloride- Hitropropane Yellow
SAM to u t nitrobenzene Yellow
m-Blnit robenzene Yellow
H aw W ehyde- Benzene Bed
B ulfuric Acid K ealty lene Orange
aeacaethylbenzene Yellow
Trlpbenylmethane Bed
Bibeiusyl Bed
naphthalene B lue-green
Pbenanthrene Blue-green
1>3>5-Trlphanylbenzene Bine
Thiophene B ed-vio let
Carbaxole Greon
Anlsole V io let
Phenyl E ther V io let
Phenol B ed-violet
d-Baphthol Brown
Bensyl Alcohol Bed
Benzyl Heroaptan Orange
Kethyl*>3 -Baphthylketone Orange
Antimony Pent ac h lo rld e  Benzene Yellow
in  Carbon T e tra -  naphthalene Grey
ch lo rid e  Anthracene Blue-green
Chlorobenzene Yellow
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*bs p n p w a U c n  of the  chromatograms fo r  th e  id e n t i ­
f ic a t io n  of components in  a  m ixture i s  based upon the  fa c t 
th a t  tb s  compounds a re  separated  by eiaaoas on th e  adsor­
bent used. I f  t h i s  i s  t r u e ,  the  p rep ara tio n  of sueh chro­
matograms has a lread y  separated  the  components and the  
id e n t if ie d  sanea may be ou t from an extruded column, 
e lu ted  from th e  adsorbent according to  standard procedure 
and th e  adsorp tive  obtained in  a  pure s ta te  a f te r  evapo­
r a t io n  of th e  e lu tin g  agent (it).
In  o rder to  achieve th e  maximum sep ara tio n  on the  
ohromatogrsm, th e  most p ro p itio u s  adsorbent should be 
chosen. LeRosen and ooworkere have employed an em­
p i r i c a l  s p e c if ic i ty  equation  form ulated to  rep resen t in  a 
simple say , the  r e la t io n  between the  adsorbent, the  ad­
so rp tiv e  and the  so lv e n t, and which Included te rn s  fo r  the 
s tru c tu re  of the  ad so rp tiv e . This equation  Includes terms 
designating  c e r ta in  in te ra c t io n  tendencies between the 
th ree  v a ria b le s  in  any given chromatographic system. This 
equation  was shown to  p re d ic t ,  to  a  f i r s t  approximation, 
th e  behavior of an adso rp tive  on a given adsorbent.
3 1
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devesml term s mere defined fo r  the  a p p lica tio n  of th i s  
em p irica l approach*
& re f e r s  to  th e  donor s tre n g th  of a  substance w ith 
resp ec t to  an e le c tro a  p a ir
A r e f e r s  to  accep tor s tre n g th  of a  substance fo r  on 
e le c tro n  p a i r
H r e f e r s  to  accep tor ac tio n  of a hydrogen-bonding 
hydrogen fo r  an e le c tro n  p a ir
pP r e f e r s  to  the  donor s tre n g th  of a  substance l a  
t e r m  of an e le c tro n  p a i r  donated to  a  hydrogen 
atom in  hydrogen-bond form ation
•The abso lu te  values fo r  any given term do not rep resen t
abso lu te  values but imply r e la t iv e  strengths* These terms
then  are used to  rep resen t the  chromatographic behavior
fo r  a  given system*
In  so f a r  as the  theory  of chromatography i s  under­
stood to  date* any m a te ria l in  the proper s ta te  of sub-* 
d iv is io n  might conceivably  serve as a  ctoomatographlc 
adsorbent* This g e n e ra lisa tio n  must be modified by 
reqm lrlag th a t  the  adsorbent m a te ria l must be capable of 
e i th e r  donating  or accepting  e lec tro n s  to  the  adsorptive* 
or must be capable of forming hydrogen bonds w ith the ad­
so rp tiv e  (23*44,49*63)* Most adsorbents are chosen 
ra th e r  em p iric a lly  but various means have been suggested 
fo r  th e  s ta n d a rd isa tio n  of adsorbents fo r  use in  the  chro­
matographic system (9»33#5&)« LeKosea and Smith (48) 
made a  survey of some so lid  m ate ria ls  fo r  possib le  us© as 
chromatographic adsorben ts. Their study assigned the
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ace e p to ra n d  hyfl regen-bondlag at reagtha to  these  m a te ria ls  
am ealeml&bed fro a  th e  s p e c if ic i ty  equation  i> efem a to  
p rev io u sly . A good nay to  compare the  s p e c if ic i ty  of any 
grasp of adsorben ts l a  to  note th e  r a t io  of the  acceptor 
s tre n g th  to  th e  hydrogen-bonding strength* This r a t io  
g ives a  measure of th e  e ffe c tiv e n e ss  of m  adsorbent in  
sep ara tin g  hydrogen-bonding from non-hyd rogem-bonding 
compounds. With th i s  background a  study was c a rr ie d  out 
to  determ ine whether th e  A/ffi r a t io  i s  u sefu l in  p re d ic tin g  
th e  e f f ic ie n c y  of sep ara tio n  and th e  sequence of c e r ta in  
compounds on the  c o lo n .  The compound© were se lec ted  to  
inc lude  members w ith end w ithout hydrogen-bonding hydro­
gen atoms.
Sximrijmntjed
The source of a l l  m a te ria ls  used In  t h i s  In v e s tig a tio n  
le  l i s t e d  in  Table 11. The compounds se lec ted  fo r  the  
study were divided in to  groups a© l i s te d  below$
Group X Acetone
Ethyl Alcohol
Group X X A niline 
Phenol
Orot$> XXX A niline
M ethylaniline 
Dimethyl a n ilin e
Group XV p-Aminoa# obensen©
p-Dimethyl eminoaz oben^ene
The ad so rp tive  s were not p u r if ie d  p rev iously  but during
th e  course of the  in v e s tig a tio n  no secondary 2ones due to
5*
im p«m .tles wesm detected* S olu tions of the  oabounds to  
be tested w esem ad e up using  n-heptane as the  solvent*
The eol a&lama used were 0.01 molar i n  concen tra tion  and 
w n  made up by p ip e tt in g  o r by neighing.
• •• . Vv .
The chromatographic tubes used In  th i s  study war®
9 x 150 em (# l)  tubes made by th e  S c ie n tif ic  Glass Ap­
p a ra tu s  Company, B loom field, Hen Je rse y .
T ie H values fo r  each compound in  each group none 
determined according to  standard techn iques. The adsor­
bent c o lo n  nas packed In  th e  chromatographic tubes under 
tb s  vacuus supplied by a Cenoo Hyvac Ptsapj an I n i t i a l  
volume of so lu tio n  (arr u l  shore r  i s  th e  rad iu s  of th e  
tube) nas p ip e tte d  in to  the  tube to  obtain a la y e r  of 
so lu tio n  one cen tim eter In  depth a t  the  top  of the  column. 
The chromatogram nas developed n l th  the  pure so lvent of the 
so lu tio n  ap p lied . The column nas than  extruded and the  
adsorptive seme was detected  by s treak in g  th e  column w ith 
the appropriate streak reag en t. Proa th e  d a ta  obtained, 
tb s fi values fo r  each of th e  components of th e  mixture 
sere ca lcu la ted . A ll It values are  the averages of d u p li­
ca te chromatograms ( t r i p l i c a t e  o r more I f  H values did 
met cheek s e l l ) .  In some cases  where the  R value nas not 
eem staat ever the whole len g th  of th e  column, a d d itio n a l 
B value deteim lnations were obtained as a check fo r  the  
accuracy of each B value determ ined. The s treak  reagents
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used i n  th a  some d e te c tio n  and R values obtained are sum- 
marl sad l a  Table 111* The p rep a ra tio n  of these  reagents 
a re  given l a  published papers (45*46)*
sc used, on
Acceptor and hydrogen~boadlng donor s tren g th s  of the  
adsorbents used a re  given in  Table IV. R values were c a l­
cu la te d  f a r  each  adso rp tive  on each adsorbent and are can* 
pared w ith  th e  experim ental B values in  Table III*
R values a re  p lo tte d  versus % values (where x  i s  the 
d is tan ce  of th e  lead ing  edge of th e  son© from the top of 
th e  column) in  the  cases share the R value i s  not constan t 
over th e  whole len g th  of the  column and i s  given in  
RLgure 2 * These graphs in d ic a te  th a t  in  these  few cases 
a  constan t R value i s  obtained only a f te r  the  zones have 
moved a  s u f f ic ie n t  d is tan ce  down the  column*
I t  «as observed th a t  R values vers la rg e  (u su a lly
u
g re a te r  than  0 .7 ) when A and D values were small* I f  
A and 0s  values were large# II values were small (u sua lly  
le s s  than  0*2)* In  every  case the  experim ental R value 
of th e  dyes used was lower than  the  ca lcu la ted  value. 
Plm sthyXaailln* gave very good agreement in  six  out of 
seven cases between the  ca lcu la ted  and experim ental E 
values*
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R esu lts  In d ic a te  th a t  th e  r a t io  A /tfi a lo w  I s  not su f­
f ic i e n t  t o  p re d ic t the  e f f ic ie n c y  of sep ara tio n  of c e r ta in  
a i i l w s i *  I t  i s  f i r s t  necessary  to  have good adaoj?ptlan 
and w ith th i s  requirem ent a t ta in e d , ra th e r  h igh values of 
#  in#  A <>80O) would In d ica te  tb s  p o s s ib i l i ty  of a good 
•o p a ra tio n , Aluminum borate  and calcium f lu o rid e  gave com­
p le te  sep ara tio n  in  a l l  Gases whereas calcium  s i l i c a t e  did 
not com pletely separa te  the  prim ary, secondary and t e r t i a r y  
amines. This would In d ic a te  th a t  the value I s  a  d e te r ­
mining fac to r*  a lso  calcium  su lfa te  separated alcohol and 
acetone and th i s  i s  fu r th e r  in d ic a tio n  th a t  the  £** value i s  
an Im portant f a c to r  in  sep a ra tio n s , However* calcium f lu o r ­
id e  gave b e t te r  sep ara tio n  than  aluminum borate  in  a l l  cases  
and i t  i s  q u ite  p o ssib le  th a t  here the  r a t io  Jh/jfi gave a 
measure of e f f ic ie n c y  of separation* Previous work in d i­
cated  th a t a n ilin e  was s l ig h t ly  le s s  s tro n g ly  adsorbed than  
phenol on the  given adsorbents (^6 ) . Because of the  la rg e r  
number of s treak  reagen ts  av a ilab le  fo r  th e  d e te c tio n  of the  
semes need In  th e  work, more exact R values have been ob­
ta in ed  and th ese  in d ic a te  th a t  the  reverse  order of adsor­
p tio n  l a  a c tu a l ly  found* i . e . ,  a n ilin e  i s  more s tro n g ly  
adsorbed th an  phenol, in  agreement w ith the  sequence deduced 
from c a lc u la te d  R values.
Brookaamx and Sehodder (2) used the  two dyes studied 
in  th i s  work to  standard ise  alumina. Comparison of t ‘km 
predicted R values and the experim ental K values i n  every
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o«m  stud ied  has Ind ica ted  *  nuch s tro n g er adso rp tion  than  
should he expeoteft* S U t  uaexpeo ted l; s tro n g  adso rp tion  of 
th e se  dyes I s  probably the  r e s u l t  of sane " f i t  p a tte rn "  due 
* • a te r lo  f a c to r s .  This d iso n p cn o y  ln troduoes oonsider- 
«b2* d m t t  a s  to  tb s  u sefu ln ess  of th e se  dyes l a  ev a lu a tin g
th i s  method*
A comparison of the  R value fo r  a n ilin e  whan d i f f e r ­
en t compounds ere  p resen t in  th e  adso rp tion  system p o in ts  
out th e  com petition  sh ich  e x is ts  between s im ila r  molecules 
fo r  th e  m m  ad so rp tion  s i t e s .  In  each ease , th e  R value 
f o r  a n i l in e  tends to  be la rge  ehen o ther amines w ith sim­
i l a r  adso rp tio n  tendencies compete fo r  th e  same adsorption, 
s i t e s ,  When a n ilin e  and phenol make up th e  o r ig in a l mix­
tu re*  a n ilin e  i s  always more s tro n g ly  adsorbed* a® p re ­
v io u sly  ind icated*  and the  R value fo r  a n ilin e  i n  th i s  
ease i s  le s s  than  the  R value fo r  th e  previous case*
Sable V l e  a  ta b u la tio n  of th e  d iffe ren c es  in  R values 
b o th  c a lc u la te d  and experim ental and the  observed separa tion  
of th e  substances. Ho genera l tre n d s  a re  immediately obvious* 
A number of oases shore the  d iffe ren ce  in  R value would in ­
d ic a te  sep a ra tio n  should occur* no sep ara tio n  i s  observed* 
Conversely* systems w ith sm all d iffe ren c es  in  K values give 
e x c e lle n t sep ara tio n  on c e r ta in  adsorbents fo r  c e r ta in  mix­
tu res*  P red ic ted  R values are  in  b es t agreement w ith ob­
served R values share complete sep ara tio n  i s  observed*
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TABLE I IOT|npMWNUI
toe*««s off M aterial*  
f o r  Msetfea&t Sfcudy
JMfti
Aliattzuai Berate*3 %0
Alualnuat Pluorlde-X HgQ 
p>Jnlaaaz obenaene
cateim Fluon<a©
Calcium aulfafc©*2 HgO
Calcium S u lfide  
Calcium S il ic a te  
p^MjnethylaminoaJS obenzen© 
JEmettfiyl a n ilin e  
E thy l a lcoho l
Magnesium Sulfat©# anhyd*
Methyl a n ilin e
n m o l
Bedim Fluoride 
Sodium F lu o e iH c a te
Elmer and amende Reagent 
Slater and amend# Reagent 
Baker and Adamson# Reagent 
Kastman Kodak# White Label 
ftssdfc# Reagent 
E a $ f  and Amend# Reagent 
Merck# Reagent 
Merck# Luminous 
£# B* Sargent, Fur©
Eastman Kodak# White Label 
Kastman Kodak# White Label 
B* S. In d u s tr ia l#  Absolut© 
P h il l ip s  O il Co* , Bulk 
M alllnckrodt# A naly tical Reagent 
Kastman Kodak# White Label 
Bakers Analysed# c* F*
Mezmk# Reagent
Bakers Analysed# IOO/325  mesh
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TJBU5 XII
Sueusary of R Values and Streak Reagents 
on Various Adsorbents
m m  M®0iiM Gje?s
IU
c a l l ’d Ef  . Rxp*t*1
Streak
Reagents*
M arin e
0 .7 5 8
0 .6 0 3 0.865
Wl W
1 , 2 ,3
it t t t if ls
PttK&O^
0 .8 3 5
0.892
>0,805
0.909
1 ,4 ,5 ,6  
4
iB tiiS B
M ettiyisnllln©
B to5& ® lattlline
0.8350.882
0.921
>0.721
> 0 .8 5 8
1,000
1 ,4 , 5 , 6
1 .4
1.4
p-Btaethylaalnoazobenzen©
0.886
0.931
>0.707
0.926
10
10
(upurrat sm m iw
B tbyl A lcabol 
Acetone
0.128
0,278
«H«k
0 .1 7 5 1 ,2 ,3
JtfUULxifr
Ft»aoX
0.157
0.248
0$o85
0.148
1 ,4 ,5 ,6  
1,4
MettotmSJUs©nek
0.157
0.265
0.524
>0.193
*0,364
0.523
1 ,4 ,5 ,6
1.4
1.4
P Im1 ti m  roton»g#*>? 
P-B laethylaainoaz obenz ene
0.248
0.552
0.048
0.143
10
10
c a ic m *  AQQBXSB
Bttayl J loah ol 
Aset ode
0.08S
0.250
0 .0 3 8
0.234
7
2,3
Phenol
0.122 
0 .2 0 6
0.038
0 .1 6 6
1.4
1.4
AbUUUib 
Me thy lsn± 11ne
TMl—th y la n l lin e
0.122
0.217
0.488
0.193
0.445
0.712
1.4
1.4
1.4
p-Bim ethylaalnoaz obenaene
0.202
0.523
0.044
0,229
10
10
40
* J M  I I I  Coat'd
8BHFOB C aw 'd **?a * p n » i
St w ait 
Reagent e*
0,740
0.951
0,485
0*790
10
10
M OURN PLtIQRIDK*X HgO
B thyl Alcohol 
4N §*M i M 0 ,85s mm**a
Jta&A&ftV
Phenol
0.743
0.844
^ 0 .7 7 4
0.858
4 .5 .9
4 .9
A*SSS#B
m llFffTfffi « i  t-i »**
0.743
0.854
0.956
f 0.675 
>0.840
0 .9 6 3
4 .5 .9
1 .9
1.9
fljtlllftftffoHEMMIKME 
p«M iarthyl nrn 1 mw nobenaene
0.839
0.9T1
0 .6 1 5
0 .8 7 3
10
10
M W 1 BOUSE* 3 HgO
» h y l^A leo h o l 0.069
0.897
0 .0 2 7
0.137
7
2
Aft&J&Sft
Phaaol
0.093
0*164
0.030
0,118
1 .4 .5 .9
1 .4 .9
JrAAAm i If rw» 
Hmy
0.093
0.179
O.547
0,125
0,285
0.540
1 .4 .5 .9
1 .4 .5 .9
1 .4 .5 .9
p>M&noas otoenaene
1»■ l)| m  ih y i m 1 ii on ii crtio 11 in <n i un 0.1610.583 0.0400.192 1010
«1
8th y l  iOMbM 
J M tM l
0.195
0.574
0.090
0.371
7
2
JB1UW
FtoncO.
0.251
0.391
^0.096
0.151
1 ,4 ,5 ,6 ,1 1
1,4
AnllUiB 
M ethylaniline 
pLaethylaal l in e
0.851
0.417
0.800
*0.238
>0.515
0,74?
1,4,5,6,11
1.5
1.5
p-Aalnoaaabensene
p-BLsMthylaslnoa*obeiusene
0.386
0,821
*■0.063
0.224
10
10
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TM1M XXI Cant »d
Bosatat r u m im C a l l^d B x p l'l
Streak
Reagents*
E thy l Alcohol 0,523
0,883 mmm
«#*■>
vmm*
0,603 0 .5 0 0 4,5*6
0,749 0*878 4 ,9
JrM&M* 0.605 mt-m14 rm 
tth<Sl^p8i#ttlSSiiis
0.772
0.964
m m- 
mum
«NM»
•rn-m
jt~&t nc.ni (MftmTmittnr 0,744 S0*672 10
p-E&asthylaml noaadbenaene 0.967 0.942 10
CA&OZn BOLMfB.2 Bg 0
E thy l Alcohol 
asetsnm
0.616
1,000
0,490
0,940
1
1*2
JRU1B0 0,681 >0,875 1 , 4 , 5 ,9
Phenol 0,810 0,980 i , m
to l 1 < W 0.681 >0.800 1 , 4 , 5 ,9
N ethy lan lline  
M.methyl a n ilin e
0.837
1.000
>0,926
1,000
1 . 4 . 5 .9
1 . 4 . 5 .9
p-Amlnoaz obenz ene 0 .8 1 0 >0.718 10
p-M.methylamlnoazobenzene 1.000 0.954 10
*S treah  Reagents Used
1 Aifejtn nn Permanganate
2 2 ,4 -^ n itro p lien y lh sd rez ln e
{ Hegative HeeBler-s 
©lassonlum R©agant
5 JJ< Sodium H ltr i te  In  S u lfu ric  Acid
6 IJt Vanadium Pont oxide in  S u lfu ric  Acid
5  Chromic As Id
BOB U hlveraal In d ic a to r  
9 C eilo  XLtra&e Reagent 
10 V isual
U  Bromine In  Carbon T e trach lo rid e
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Comparison of D ifferences in  
C alculated  and B sp eriaan ta l B Vaises
m m m  wuoamsGMsx
n iff*  i n  
Calo*d Rf Zones
BLff. in  
S x p t 'l  8t
BU«1 Alcohol 
Acetone 0.045 no separa tion
AJLXLao
I t e n l 0.057 adjacent 0.104
ARfUlfle 0.0470.0J9
a  d jaoeat 
ad jacen t
0 .1 3 7
0.142
|>m AlI.Pfii?i1i»^ftM^  
p-Bjaethylaelnoaaotoenaena 0.045 adjacent 0.219
CALCIM SIIiCJXB
WHUft Alootool 
Acetone 0 .1 5 0 no separa tion mm
A&UUUfe
Ftianol 0.091 sep ara tio n 0 .0 6 1
41&2&JMI
BlwtligrlfloiUUMi
0 .1 0 6
0.259
adjacent
ad jacent
»
o . m
0.359
p-fiLeethylaalnoaaobenzene 0.304 sep ara tio n 0.095
CAACItM 1LOOBIZS
Stlnft Alcohol 
Acetone 0 .1 6 1 sep ara tio n 0 .1 9 6
JttSSJUbttB
Phenol 0.064 separa tion 0 .1 2 8
0,095
0.217
sep ara tio n
separa tion
0.252
0.267
jnAHAMMAIMMMMNI
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TABLE V Cont *d
Stiff* in  Diff. In
Calc'd Bf Zones Kxpt "1 Rf
CAXCXOt aOLEIDB
E thyl Alootoel 
Jestone 0.278 no detection.
I b u i m
Phenol 0.135 no d e tec tio n m m
H1 t1# 0.1500.161
no d e te c tio n  
no d e te c tio n
m m
mam
ftws!
p e e f t f r  jj^shyl w l 0.191 sep ara tio n 0 .3 1 5
AMKDrai FLTORIJDB.X % 0
» to y l AXoohol
i0 « im 0.118 no separa tion
m m
J u l l ln e
fhtteol 0.101 adjacent 0.084
M ethylaniline 
B ljasthylan lllne
'  0 . 1 1 1
o .io e
adjacent
ad jacent
0.165
0.123
p-Aaiaoexobensono
p-Bieethyla»±noasobenzene 0 .1 3 2 adjacent 0.258
AUMXatM BOfUffEO «go
Ethyl J leoh o l 
Acetone 0 .2 2 8 sep ara tio n 0.110
A niline
Phenol 0 .0 7 1 sep ara tio n 0 ,0 8 8
BliaeEhylaall1 n»
0 ,0 8 6
0.368
separa tion
sep ara tio n
0.165
0,255
p-M lnoesohen*en» 0.422 separa tion 0.152
EFFECT OF THE SIDE CHAIN OF THE 
HCHBOL ALIPHATIC ALCOHOLS OH AMOJUPTION
For th e  form ulation  of th e  s p e c if ic i ty  equation , 
LeKosen ana h is  c o lla b o ra to rs  (44) stud ied  th e  adsorption  
of a  nuaber of organic compounds on a  v a r ie ty  of adsor­
ben ts from sev e ra l so lv en ts . The compounds studied were 
considered as  being composed of a  fu n c tio n a l group ■with 
a ttached  side  chain# From th ese  data* th e  e f fe c t  of side 
chains was to  decrease th e  s tre n g th  w ith which a  given 
fu n c tio n a l group i s  adsorbed in  p roportion  to  th e  re c ip ­
ro c a l of th e  mass of the  s ide  chain . This re la tio n sh ip  
has been shown to  e x is t  in  the  case of th e  methyl ketones 
(65)# A study of amino ac ids by two-dlm easional paper 
chromatography in d ica ted  decreasing  adsorp tion  w ith in ­
c reas in g  m olecular weight of the  adso rp tive  (6 1 ).
LeHosen and Kay (42) stud ied  the  adso rp tion  of a number 
of a l ip h a tic  aldehydes where th e  s tre n g th  of adsorp tion  
decreased as th e  le n g th  of the  s id e  chain  Increased . A 
study was made on. a  homologous s e r ie s  of s tr a ig h t  chain 
a lcoho ls (5&) on a  number of adsorbents from benzene and 
petroleum  e th e r ,  a s  w ell as a  s im ila r  s e r ie s  of a lip h a tic  
amines (94 ). From these  s tu d ie s , I t  was found th a t  the 
re la tio n sh ip  of th e  It value and the  m olecular weight of
4?
kQ
the  s!4e cha in  *ae h ig h ly  irre g u la r*  Certain, members of 
th e  s e r ie s  shewed h igher ad so rp tio n  a f f in i ty  than  th e i r  
neighbors* Arguments m m  p resen ted  to  show th a t  these 
v a r ia tio n s  se re  g re a te r  than  the  experim ental e r ro r  and 
th a t  th e y  could net he asso c ia ted  w ith  any unknown 
im purity  i n  th e  oospounds In v es tig a ted  (65)*
In  g en era l, th e  observed maximum in  the  p lo t of B 
value versus th e  number of carbon a t  cams in  th e  compounds 
appear a t  about th e  f i f t h  or s ix th  carbon atom when 
benzene or petroleum  e th e r  are  th e  solvents* The purpose 
of t h i s  study was to  determ ine whether the  s ix  carbon 
atom so lv e n ts , benzene and hexane* have a  d i f f e r e n t  
e f fe c t  than  carbon te tra c h lo r id e  on the  r e la t io n  of the  
H value to  s ide  chain  len g th  fo r  the  s tra ig h t chain  
a lcoho l homologous s e r ie s  (C^ to  C^g).
The importance of a  study  of a homologous s e r ie s  of 
any given c la s s  of compounds i s  pointed out by a s ta te ­
ment taken from Cassidy (13)*
" I t  i s  evident* even though the  d a ta  are* in  
many respects*  inadequate* th a t  w ith in  a given ho­
mologous s e r ie s  th e re  i s  u su a lly  an order of re la-* 
t iv e  ex ten t of adsorp tion  (from a given solvent to  
a  given su rface ) which supports the concept of 
homology* That is*  u su a lly  th e re  i s  no haphazard 
arrangement of th e  substances when the  r e la t iv e  
e x ten ts  of adsorp tion  are  compared* but adsorp tion  
e i th e r  in c re ase s  or decreases in  a  re g u la r  manner 
w ith in c reasin g  number of CEg groups* I f  a very 
i r r e g u la r  arrangement were to  be observed i t  would 
th re e  some question  on the  techniques employed in  
the  experiment and c ry  fo r  v e rif ic a tio n *
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2* i s  evM ant now th a t  th e  e r r o r  i s  not i n  th e  tech - 
a&gMM e ^ lo y e d  i n  th e  study of homologous s e r ie s  hut in  
th e  in te rp re ta t lo n  of incom plete s tu d ie s . Previous 
s tu d ie s  inoluded only th e  f i r s t  fo u r  o r f iv e  members of a 
a e r ie s —where a  re g u la r  in o rease  In  adsorp tion  was Indeed 
e v id e n t. The next members of a  study Inoluded th e  higher 
haaologues—from to  where th e  adsorp tion  again 
was re g u la r . The In term ed ia te  compounds where the  i r r e g ­
u l a r i t i e s  a re  found are  ju s t  th a t  se c tio n  of a  homologous 
a e r ie s  th a t  was not s tu d ied . The fa c t  th a t  i r r e g u la r i ­
t i e s  a re  now evident and found i n  se v e ra l homologous se r ie s  
show th a t  g e n e ra liz a tio n s  based an incomplete s tu d ies  may 
be m isleading and s tu d ie s  on homologous s e r ie s  of compounds 
should inc lude the  complete s e r ie s .
The source of a l l  m a te ria ls  used in  th i s  in v e s tig a ­
t io n  i s  l i s t e d  i n  Table VI along w ith  an in d ic a tio n  of 
the  p u r i ty  of those m a te r ia ls . The compounds were p u ri­
f ie d  when necessary  by d i s t i l l a t i o n  o r r e c ry s ta l l iz a t io n . 
S o lu tions of th e  compounds to  be te s te d  were made up 
using carbon te tra c h lo r id e  as th e  so lv en t. The so lu tions 
used were 0.01 molar w ith  resp ec t to  the  alcohol and were 
made up by p ip e ttin g  o r by weighing.
The chrnmstegrsphlo tubes used in  th i s  study were 
th e standard (M ) 130 mm tubes as made commercially
50
« w lt tM »  kgr D a  B s le n tlf lc  O lass Apparatus Company, 
W iw f U M t Bsv J e n s ; .
The K values of th e  a lcoho ls were determined accord­
in g  to  standard techn iques. The columns were uniform ly 
packed under th e  f u l l  auction  of a  vacuum supplied by a 
Cents o Hyvae ?usg>. A s u f f ic ie n t  saount of t e s t  so lu tio n  
was added to  th e  to p  of th e  column to  give a one c e n t i ­
m eter la y e r  of so lu tio n  in  th e  tube (ttt2 ml where r  I s  
th e  rad iu s  of th e  tu b e ) . A fte r th e  chromatogram was 
developed by th e  a d d itio n  of pure so lv en t, th e  co l van was 
extruded and th e  a lcoho l sons detected  by streak in g  the  
column w ith  an a lk a lin e  permanganate so lu tio n . Prom these 
d a ta  th e  B values were c a lc u la te d . A ll B values are  the  
average of a t  le a s t  two determ inations.
m .scuaalon
The r e s u l t s  of th e  B value determ ination  show in  each 
oaas a  d e f in i te  I r r e g u la r i ty  in  th e  p lo t of B values 
versus th e  number of carbon atoms in  th e  s ide  chain  as 
shews In  F igure 3. In  o rder to  compare the  e f fe c t of
th e  s id e  ch a in  on adsorbents g iv ing  widely d if fe re n t
values f a r  th e  ab so lu te  B value# th e  r e la t iv e  B or th e  
r a t io  of th e  B value fo r  any member of the  s e r ie s  to  the  R
value of the  f i r s t  am b er or B^jA cx 18 S*v®n ln  Table VII#
and l a  p lo tte d  v e rm s th e  number of carbon atoms In  the 
s ide  eh a ln  I n  A gore fc* These r e la t iv e  R values give a
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% *** t h .  ohanges in  R velus frew member to
ftw— » «T t h t  w i l M  reg a rd le ss  of tb s  absolu te awgnitude 
•C t ) »  t a n ,  F u rth e r th e  r e la t io n  of th e  adsorp tion  af»  
****** * * *  **» MMtipvooal of th e  m ab er of carbon
* « » tf t «ft» a ide  ch a in  l a  show  t n  f ig u re  5*
In  tM s  study , v a r ia tio n  l a  th e  r a te  of movement of 
th e  a cases on th e  chromatographic column are again noticed#
In  t h i s  system however, the  h ighest peak of the  curve has 
sh if te d  from th e  s ix th  carbon atom as obtained In  the p re­
vious systems to  th e  fo u rth  carbon atom. This in d ic a te s  
th a t  w ith  the  carbon te tra c h lo r id e  th e re  i s  a  se le c tiv e  
com petition  between th e  side chain  and the  so lv en t, fo r  
th e  surface of th e  adsorbent# Bart© 11 and Gsterhof (2) 
have measured th e  ten sio n  e x is t in g  between a  liq u id  and a 
so lid  w ith which i t  i s  i n  contact# This adheslonnl ten sio n  
i s  le s s  when carbon te tra c h lo r id e  i s  in  con tact with s i l i c a  
than  when benzene i s  the  liquid# This in d ic a te s  th a t carbon 
te tra c h lo r id e  competes w ith the  alcohol fo r  the  surface of 
th e  adsorbent to  a  le s s e r  ex ten t th an  does benzene. The 
shape of th e  curve of K values against the  number of carbon 
atoms In  the  s id e  chain  remains the  same fo r  a l l  the  systems
t r i e d  thus f a r .  The p lo t of the  logarithm  of 3c£ versusR
th e  logarithm  of the  m olecular weight of the  aid© chain 
a ttached  to  the  function  group allows no g en e ra l conclu­
s io n s . I t  i s  doubtful th a t  a  simple r e l a t i o n  e x i s t s  between 
th e  m olecular weight of the  side chain  and th e  ad so rp tio n
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a f f in i t y  a t  le a s t  fo r  th se s  two systems. These r e s u l ts  
do not in v a lid a te  th e method of approach to  th e  s p e c if ic i ty  
equation  hut r a th e r  in d ic a te s  M odifications are necessary* 
Probably* eaeh system would req u ire  i t s  own p a r t ic u la r  
m od ification s f o r  ooiaplete agreement of ca lcu la ted  and 
experim ental re su lts*  At p resen t the  equation seems most 
n early  app licab le to  the  s i l i c a t e  adsorben ts.
53
TJBKUE Tl
Souroea of SatMd.al.fl f a r  a ide  Chain Study
B.P.
M.P.
Methyl Alcohol Batter and Adamaon, Reagent 64.5
E thy l Aloohol 0. S. I n d u s tr ia l ,  Absolute 7 8 .3
fl^Feflpyl Aloohol Boatman. Kodak, White Label 94.5
tt*Bmtyl Aloohol Merck, Reagent 116,5
e > f lq l  Alcohol Eastman Kodak, Waite Label 137.5
awSeayl Aloohol Boatman Kodak, Waite Label 155.5
m»Meptyl Alcohol Eastman Kodak, White Label 174.0
ft»8fltyl Aloohol Bastman Kodak, White Label 197.0
a»Seayl Aloohol L« S. 0 . Stock 216.0
a»8eoyl Alcohol Eastman Kodak, Yellow Label 887.0
a^flhdeoyl Alcohol Bastman Kodak, White Label 14.0
Ih sc y l Alcohol Eastman Kodak, White Label 23.5
anVetdocyl Alcohol L, 8 . 0* Stock 8 9 .0
B y sie ty l Aloohol B&logen Chemicals Inc . 38 .0
a*Remfcadeoyl Alcohol L. 8 . D. Stock 44.5
O ctyl Aloohol Bastman Kodak, White Label 49.0
n»Beybadeeyi Alcohol L. 8 , U. Stock 58.0
n»flotadeoyl Aloohol Bastman Kodak, White Label 56.0
C atalan  Hydroxide M allinkrodt, A naly tica l B®agent
C ataloa Carbonate Merck, Heavy Fonder
Carbon T a trach io rld e  Elmer and Amend, Reagent
5*
TJIBLS VII
B Valuta af Hoxwal A liphatic A lcohols 
fta a  c«toon T etraohlorlde
A lcohol 6a(QH)2
' ‘ " V . “f ^cx/$e i 1 M "  T r
M h ji 0*068 1.00 15.13 0,506 1.00 0,975
Btlqrl 0.153 8,47 5.54 0.574 1.13 0.733
w nft 0.875 4,44 2.64 0*680 1.34 0.471
Bu*n 0.388 5.80 2.11 0.734 1.45 0 .3 6 3
Jtayl 0.304 4.91 2.89 0.713 1.41 0.403
am i 0.851 4.05 8.98 0.713 1.41 0.403
jfeptn 0.308 4.97 2.25 0.747 1.48 0.339
« » * n 0,871 4.37 2.69 0 .7 0 0 1.38 0.429
Bonyl 0.867 4.31 2.75 0.6 67 1.32 0.499
0n |1 0.860 4.19 3.84 0.710 1.40 0,409
OKtecyl 0,885 4.60 2.51 0.753 1.49 0.328
Dodaeyl 0.885 4.60 2.51 0.753 1.49 0.328
T ridecyl 0.895 4.75 8.39 0.760 1.50 0.316
Tatradacyl 0.896 4.77 2.38 0.753 1.49 0.328
renbadacyl 0.295 4.75 2.39 0.713 1.41 0.403
B n a d w jl 0.894 4.74 . 2.40 0.755 1.49 0.325
Haptadecyl 0.873 4.40 2.66 0.676 1.34 0.479
Octedaoyl 0,313 5.55 2.19 0.755 1.49 0,325
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In  a  previous study  ehereim a survey of th e  l i te r a tu r e  
vas undertaken to  uncover a  t e s t  su ita b le  fo r  th e  id e n tic  
f ic a t lo n  of c la s s e s  of compounds fo r  p o ssib le  use In, a  
chromatographlc scheme of q u a l i ta t iv e  organic analysis# 
sev e ra l p o s s ib i l i t i e s  presented  them selves fo r  th e  detec­
t io n  of aromatic hydrocarbons# The t e s t  consisted  of the  
re a c tio n  of a  so lu tio n  of formaldehyde i n  concentrated  su l­
fu r ic  acid  medium s l t h  th e  aromatic hydrocarbons# This 
p a r t ic u la r  reagent vas found to  give a v a r ie ty  of co lo rs 
depending 13?on th e  e lse  and com plexity of th e  molecule. 
Since aromatic hydrocarbons rep resen t a  c la s s  of in e r t  
compounds t h i s  s tre a k  t e s t  rep resen ted  one more step  in  
the  d e te c tio n  of c o lo r le s s  compounds adsorbed on a chrome- 
tograph lc column#
P relim inary  exam ination of th e  a p p l ic a b i l i ty  of the 
reagent d isc lo sed  the  very in te re s t in g  fa c t  th a t  benzene 
and I t s  homologues gave a  red colored sons while compounds 
w ith fused rin g s  gave colored zones toward th e  opposite 
end of th e  v is ib le  spectrum# This reagent then  would en­
able an in v e s t ig a to r  to  estim ate  th e  s ize  and/or complexity 
of th e  arom atic hydrocarbon. I t  vas nos p o ssib le  as v e i l
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* •  M fcw etw  Um m lo tlv *  ra tes of movement of aromatic 
hydrocarbons an a ohramafcogrsphie column w ithout re so r tin g  
to  tim e consuming tech n iq u es. The in flu en ce  of a l ip h a tic  
or c y c lic  ra d ic a ls  on adsorp tion  could be determ ined. In  
a s im ila r  v ein , th e  r e la t iv e  s tren g th s  of th e  weak devel­
opers could be ascerta in ed  w ithout th e  presence of th e  a l l  
powerful (w ith  respeo t to  adso rp tion ) fu n c tio n a l group 
exertin g  any undue in flu e n c e .
Since th e  reagent i s  extrem ely se n s itiv e  to  aromatic 
hydrocarbons, o th e r c la s s e s  of compounds might reac t i n  a 
s im ila r  fash io n . Taking re p re se n ta tiv e s  of a l l  c la sse s  
of common organic m olecules, th e  reagent was te s te d  fo r  
i t s  a c tiv ity  w ith bo th  aromatic and a l ip h a tic  compounds.
f
A p o ssib le  mechanism by vhioh the  c o lo rs  ar© produced 
l a  o u tlined  in  Figure 9* A study vas devised to  t e s t  the 
v a l id i ty  of th i s  assumption* Various m a te ria ls  ver© sub­
s t i tu te d  fo r  bo th  the  su lfu r ic  acid  as v e i l  as the  formal­
dehyde* F in a lly  abso rp tio n  sp ec tra  vere obtained of the 
colored  compounds in  th e  concentrated  su lfu r ic  ac id .
BBStiSMtisAl
A ll so lv en ts  used in  th i s  study vere f i r s t  te s te d  fo r 
th e  presence of any im p u ritie s  th a t  vould in te r f e r e  v lth  
th e  d e te c tio n  of zones on th e  column by running blanks and 
applying the  s tre a k  reag en t* In  th e  case of cyclohexane*
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p a s s lU l lo i  th rough a  ohromatograpMo c o l o n  (5*3 z  300 mm) 
packed k i th  28/100 mesh s i l i c a  g e l removed ob jectionab le  
arom atics . A ll o ther so lven t a k©r© used a s  obtained*
M t A l m  of th e  compounds to  be te s te d  vere made up 
n i « 8  m*keptah*» epftiehsjiam , carbon d is u lf id e  and carbon 
te t r a e h le r l t e  as th e  solvents* The so lu tio n s  used kere 
0*01 molar I n  o one out r a t  ion  and se re  made up by p ip e ttin g  
or by keighlng*
The ehrematogr&phic tubes used In  t h i s  study ver©
9 a  190 mm (#1) tu b es  mate by th e  S c ie n tif ic  G lass Appara­
tu s  Company# B loom field, Nek Jersey*
n o  R values mere determined according to  standard 
tech n iq u es . The column k&s packed under tb s  vacuum sup­
p lie d  by a  Cenoo Hyvse Pumpj an i n i t i a l  volume of so lu tio n  
(fp& ml) vas applied  to  th e  top  of th e  column so th a t  a 
lay s?  of so lu tio n  a t th e  top  of th e  column one centim eter 
In  depth  e ss  obtained* The chromatogram “was developed k i th  
the pur© solvent of th e  so lu tio n  applied* The column uas 
then  extruded and th e  adsorp tive  son© uas detected  by 
s treak in g  the  column k i th  fo m ald eh y d e-su lfu ric  ac id  s tre a k  
reagen t. From th ese  d a ta  the  R values fo r  each  of th e  aro* 
malic hydrocarbons studied  vere ca lcu la ted*  A ll R v a lues  
ta b u la te d  in  Tables V III , IX, X, XI end XII a re  th e  averages 
of a t  le a s t  th re e  d a te m ln a tlo n s  fo r  each so lu te  using each 
so lven t as t he developing agent and s i l i c i c  acid as  th e
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•AaM taot la  eaoh ease*
The colors produced by the a p p lic a tio n  of the  s tre a k  
reagent to the sdaentid aromatic hydrocarbon are  l i s te d  In  
the previously Indicated tab les. Aliasing th e  oolunuos to  
stand oaused the col ore produced by the reagent to  ohange 
to  a dark brosn or b lack .
The soope of the formaldehyde-sulfuric sold  reagent 
taa tasted by applying the reagent to representative mem- 
bass ef various elaases Of aromatic compounds adsorbed on 
s ilic ic  said fN s  a-heptaae. Be suite of t h i s  in v e s tig a tio n  
ass given in  Table XXV.
To test th e  a p p l ic a b i l i ty  of th i s  reagent fo r  p o ssib le  
use In qualitative organic a n a ly s is , re p re se n ta tiv e  members 
of various c la s s e s  of a lip h a tic  end aromatic compounds sere  
dissolved In  n-hsptane and th e  reagent applied  to  th e  solu­
t io n . B esu lts  of th i s  in v e s tig a tio n  are given In  Tables 
XIH and x iv .
In the study of th e  probable mechanism of the  reac tio n  
a number of compounds sere su b s titu te d  fo r  the  formaldehyde, 
dissolved In a number of so lv en ts  (rep lac in g  th e  su lfu ric  
sold) and tested vlth  n-heptane so lu tio n s  of to lu en e . These 
compounds are listed  In Table XV.
The fin a l study consisted i n  ob ta in ing  the  absorption 
spectra of the oolorsd product of the  re a c tio n  between the
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form aldehyde-SulfurlQ  acid  reagent and a  number of rep re ­
se n ta tiv e  aromatic hydrocarbons. A Beckman Model DU Spec­
trophotom eter and oorex or s i l i c a  c e l l s  were used. The 
form aldehyde-su lfuric  sold reagent was used as th e  solvent 
i n  eaoh ease* Two drops of a  n-heptane so lu tio n  of the  
ap p ro p ria te  hydrocarbons was added to  th e  reagent to  gen­
e ra te  th e  c o lo r . The absorp tion  sp ec tra  were obtained In  
th e  usua l manner over th e  220 to  600 m«. sp e c tra l region. 
The p lo t o f o p tic a l  d en s ity  versus wavelength fo r  each 
compound i s  shown in  Figuree 16,17*18 and 19. Figure 20 
i s  th e  ab so rp tio n  sp e c tra  of tr lp h en y lca rb in o l i n  concen­
t r a te d  s u lfu r ic  so ld .
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By t r i a l  and e m r  i t  was found th a t  a  0*2$ by Volume 
so lu tio n  of formaldehyde i n  concentrated su lfu r ic  acid 
gave th e  most s e n s itiv e  s tre a k  t e s t —»th© co lo rs  mm  pro­
duced mom quickly  and se re  more vivid* This concentra­
t io n  of th e  reagent was mad© fre sh  d a ily  since the  sen s i­
t i v i t y  of th e  reagent decreased on standing*
The v a r ie ty  of co lo rs  produced by the  reagent may be 
seen from th e  ta b u la tio n  in  Table XII* The co lo rs  range 
frcm red fo r  benzene through blue fo r  th e  h igh ly  conju­
gated triphenylbenzene. A ll in te rm ed ia tes through the 
v is ib le  sp e c tra  are  present* The co lo rs  may be q u a lita ­
t i v e ly  ca teg o rised  in to  convenient groups* Compounds 
con ta in ing  only on© benzene rin g  or severa l non-conjugated 
benzene rin g s  are  g en e ra lly  red* The h igher su b stitu ted  
honologues of benzene vary in  co lo r w ith the  reagent 
depending on th e  s iz e  and number of a lk y l r a d ic a l s  a t ­
tached to  th e  ring* Toluene g ives mesityio-ne gives 
orange# hexaethylbenzen© gives yellow c o lo ra tio n *  Con­
jugated or condensed r in g s  give co lo rs  w ith t a  oagent 
from b lue-g reen  fo r  diphenyl to  yellow -green fo r  anthracene 
to  green fo r  the  te rpheny ls  to  b lue -for triphsnylbenzene 
to  v iv id  purp le fo r  h igh ly  condensed 3#4-benzpyr©ne. 
Therefore i t  should b© p o ssib le  to  determine the  s ize  and 
com plexity of an aromatic hydrocarbon q u a l i t a t iv e ly  by use
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of t h i s  reagent* Froa Tables V III , IX, X ana XI i t  i s  seen 
th a t  th e  c o lo rs  produced by th© reagent do not vary w ith 
th e  selvenb used* The a© f a c ts  po in t out th® usefu lness of 
t h i s  reagent f o r  th© id e n t i f ic a t io n  of aromatic hydrocarbons 
l a  q u a l i ta t iv e  organic analysis*  A paper based on these  
O bservations, and soon to  be submitted fo r  pub lish ing , i s  
included in  th e  appendix*
Figure 6 i s  a  p lo t of th© K value fo r  a  se lec ted  group 
of arom atic compounds frcm fo u r non-aromatic solvents* The 
compounds inoluded were those re a d ily  av a ilab le  a t th e  onset 
of t h i s  study* Th© graph shows th a t q u a li ta t iv e ly  th e re  i s  
a  s tra ig h t l in e  re la tio n sh ip  between th© R value and the 
m olecular weight fo r  th© compounds studied* ( in  a  l a t e r  
se c tio n  th i s  w il l  be s l ig h t ly  modified but th e  o b serv a tio n s  
to  be discussed are not dependent on t h i s  a b so lu te  r e l a t i o n ­
ship eo th a t  th a t  d iscu ssio n  i s  not Included f ir s t} *  The 
graph p o in ts  out th© e f fe c t  of th e  solvent on the  B value 
of th e  compounds* I t  may be seen th a t th© solvent w ith the  
g re a te s t developer s tre n g th  i s  th a t  solvent which gives the  
h ig h est s e r ie s  of R values fo r  th© s e r ie s  of compounds*
Tima n-heptane i s  a  weaker developer than  oyelohexane which 
in  tu rn  i s  considerab ly  weaker th an  both carbon te t r a c h lo r id e  
end carbon d isu lf id e*  T his g radation  of eluent®  i s  essen ­
t i a l l y  the  same a© th e  “Trapp© R luotropic S e rie s" (75) 
based on h ea te  of v e ttin g  and o th e r adsorptive p ro p e r t ie s  
of p o la r so lids*  Leimarts (37) s tu d ie d  th e  e f f e c t  of
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selvem ts on th e  aasozp tloa  s tre n g th  of &ud®a 111 on alumina 
and a rr iv e d  a t  th e  ssme order* S tra in 1© "Graded S e r ie s  of 
E luen ts" (69 ) in terchanges eyclohaacam  end carbon t e t r a -  
c h lo r id e . The f a c t  th a t  t h i s  s e r ie s  had been derived on 
th e  b a s is  of adso rp tion  of p o la r compounds p o in ts  out i n t e r ­
r e la t io n s  between so lu te  and solvent where p o la r groups are 
present#  The fa c t th a t  th e  K values of benzene and to luene 
a re  le s s  th a n  u n ity  a lso  p laces th ese  two compounds I n  th e  
s e r ie s  of developers as s l ig h t ly  s tronger developers than  
th e  non-aromatica* S im ila rly , since to lu . ^  has a lover 
R value hen benzene# to luene has s l ig h t ly  stronger d ev e lo p er 
c h a ra c te r is t ic s  than  benzene. T his i s  i n  agreement w ith th e  
observations of Holman and Hagdahl (50 ) who used the  next 
h igher hcaaologue to  separate th e  lover homologuee i n  th e  
s e r ie s  o f f a t t y  acids*
In  most cases im p u ritie s  in  th e  se lec ted  compounds 
sere  noticed* These Im p u ritie s  g en era lly  gave narrow 
(1-5 mm) colored  zones i n  p o s itio n s  on the  column which 
immediately labeled  th e se  zones as im p u ritie s  and those 
20090 se re  disregarded* The desired  adsorp tive 20x1© was 
g en e ra lly  of s u f f ic ie n t  width to  la b e l i t  as the  d e s ire d  
zone* The t r a i l i n g  edges of th e  adsorp tive zone were 
d iffuse*  The lead ing  edges in  most cases were sharp  but 
ir re g u la r*  b a te  necessary  fo r  the c a lc u la tio n  of th e  E 
values mere tak en  a t  fo u r d if f e re n t  p o s itio n s  on each
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c e l i a c  *nd tb a  average values used to  c a lc u la te  th e  B value 
f  wr th a t  p a r t ic u la r  eoluan.
F igure 7 i s  a  p lo t of  th e  B values given in  Table XII 
fo r  th e  complete lumber of aromatic hydrocarbons te s te d  
ag a in s t th e  m olecular weight of the  compounds* From the 
graph i t  i a  obvious th a t  no simple re la tio n sh ip  e x is ts  
f o r  a l l  compounds between th e  B value and th e  m olecular 
w eight, I t  i s  possib lo  however# to  break down the  graph , 
so th a t  d e f in i te  re la tio n sh ip s  may be evident* Figure 8 
i s  a  p lo t of S value versus m olecular weight fo r  the 
s e r ie s  benzene, naphthalene, anthracene and n&phthaeen©# 
th a t  is#  fo r  th e  system of l in e a r  .condensed rings* A 
l in e a r  re la tio n s h ip  i s  e v id en t.
Per th e  s e r ie s  of compounds where a s tra ig h t chain  
a lk y l ra d ic a l  i s  a ttached  to  a  benzene r in g , adsorp tion  
decreases w ith in c rease  of th e  number of carbon atoms in  
the chain* When th e  ra d ic a ls  attached to  th e  benzene ring  
are a l l  methyl ra d ic a ls  and are  d is tr ib u te d  around the 
ring# adsorp tion  I s  seen to  Increase  as th e  number of 
methyl groups attached  Increases*
For th e  system of conjugated benzene rings# benzene, 
diphenyl# and p~teyphenyl# adso rp tion  Increases In  a 
uniform fash io n , as th e  number of rings in c re a s e s .
W inter s te in  and Schon (84) s ta te  th a t  l in e a r  condensed 
compounds are  b e t te r  adsorbed than  an g u la r condensed
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arom atic hydrocarbons. T h e ir solvent was bensen© w ith 
alm alna as th e a d a e rb e n t .  T h e ir conclusion® were th a t ad­
so rp tio n  in c re a se s  w ith  th© number of rin g s  as w ell as the 
number of double bonds fo r  a  given m olecule. T heir da ta  
d id  n e t J u s t i f y  th i s  conclusion . Data presented here does 
f e l lo e  th is p a t te rn  w ith resp ec t to  the  number o f r in g s  and 
double bonds but* fo r  th e  condensed arom aticb, th e  angular 
s lu g  systems are  i n  every case mere s tro n g ly  adsorbed than  
th e  l in e a r  compounds* which i s  more reasonable , i n  Inter** 
• s t in g  e f f e c t  i s  noted in  th e  case of the  9#10~dlmethyl~ 
l^ b e a ssa n th ra c e n e  which i s  much more s tro n g ly  adsorbed 
time*the unmet hy lated  compound. T h is fa c t i s  d i f f i c u l t  
be em plain th e o re t ic a l ly ,  i l l  of th e  higher condensed 
irnmslrl r hydrocarbons are  carcinogenic and th e  9*10- 
dimsthyl-1.2-benzanthrac©n© i s  one of the most a c tiv e , 
nam e i s  considerab le  research  being done on th e  aromatic 
hydrocarbons because of th i s  fact*
Two a v a ila b le  organom etallic compounds war© te s te d  
fo r  th e i r  adso rp tion  a c t iv i ty .  For these  two compounds 
adsorp tion  i s  com pletely dependent on th e  m etal atom in ­
volved. Diphenylmercury w ith  two phenyl groups i s  th© 
more s tro n g ly  adsorbed molecule than  trip h o n y ls tib in e*  
w ith th re e  phenyl groups in  th® molecule.
TABM 1TTTT
R Voluoo o f ATiwafcio Rsaroooobens 
•a  lU le ta  Raid fro»  n>»itepfcan*
rw w M R i|H fitm ifrtrlo  Aoid Sbroak Roagonfc
MlllfUW sf Colo?
,^flS3StiPBSWMl 0.54a TCelloH-groen
0.775 Rod
m jn o n jl 0.590
V
Blue-g2?@©n
Hvnat 0*518 Blue-green
ttMSMtbylfee&sexio 0.606 Yellow
HajpirthAlen© 0,660 Blue~green
fttMttB&ilMIie 0,582 Gpeea
T o tv a lln 0,719 Red
TOlUOBO 0.748 Red
Trl®J»sjrl»ofchane 0.317 Red
s-X ylose 0.722 Red
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f t
VwiftSftii^pftiNfttiStfwto .Acid
iu&
lr*-A£:-.l£
y i
n a M m
Unit lllt IwllMMft 8*Wtt
:*■-■ V * :• -.. -f.
*-**»■. .. * •*“ -r £ i%< '-» r
Tetralln 
TolWM
/  : * r^- j -'^4*^ ' ■*
TrlpbeaTlaethane
;i“ '<; i •-*
*f eciar
0.581 Tellov-green
0.785 Bed
0 .6 3 9 Blue-green
0.59* Blue-green
0.737 Yellov
0.713 Blue-green
0.5*6 Oreen
0.772 Bed
0.790 Bed
0,4*8 Bed
0.770 Red
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TJBUt X
B Values of AvaMdie Hydrocarbons 
on BLUe&eAeid tram Carbon fetrashloriae 
Bwealdehyde-Sulf one Acid streak Reagent
ABSSSPBSue Color
Anthracene 0.90S lig h t  Green
Benieoe 0,928 Bed
U |h n |i 0.9X1 Blue-green
n w m i 0,907 Blue-green
n^i 0.9*1 Tfellou
8^p6S6fl8sWB 0.929 Blue-green
WWMBthWM 0.908 Blue-green
T s tP a lln 0.948 fted-Blaok
TolOMW 0.958 Bed
Triphenyleethane 0.905 Bed
a-Xylene 0.95S Bed
TABU XI
on Bftliede Aeld imm  c iS n b  B isu lfid e  
fM M M efegtie-Salfuvla Bold s tre a k  Beaganfc
A M fttW * f co lo r
0.90* Green
te n s  mm 0.933 Bod
Biphenyl 0.919 B lue-green
n u oreae 0.933 Green
0.986 "ZeUov
teoptebiiSMBMi 0.98S Green
t e m a t e n n 0.988 Green
T etre lln 0,9*9 Bed-black
Toluene 0,931 Bed
Trlpbenylaetbens 0.789 Bed-brovn
» X |la a i 0,983 Bed
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tAS&B XIX
Summary of S Values of Aromatic H^rocajefcoms 
^ycillfcJiXioi* Acid from n-Eeptaoe
F ««aldehyde.S u lfup ie  Aold Sfcroak Reagent
Adsorptive Bf Color
Jteenepixtbeae 0.630 Green
JtofcllVttlSQ® 0.530 Yellow-green
I.a-Beraaafchraoano 0.375 Purple
Bezuseae 0.775 Bed
9#10-BenaophenanthreDe 0.365 B lue-green
3,4-Bahspyrene 0.360 Purple
a-B«tylbenaena 0.800 Bed
s-Btibylbeozene 0.765 Red
t-B u t ylbenaene 0,765 Bed
Chrysene 0.365 B lue-black
Cuaene 0.780 Red
p-Cyaene 0.740 Red
B ecalla 0 .7 1 5 Pink ( fa in t)
Dlbensanfchracene 0.2351 Purple
BLbensyl 0,425 Red
U opclobexylbensene 0.765 Red
S»10-WJB#tbyl-l,2-Benz-
•Bfcbracene
0.070 Grey
m phenyl 0.575 B lue-green
SLphenylaero ury 0.165 Red
Sdphenylaethaae 0.480 Red
Buretoe 0.680 Brovn
Bfchylbenxene 0,765 Red
0,745 Bed
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aoop« fi£ th e  urio  M M  jftM SSi
The r e s u l t s  of th e  t e s t  o f th e  a p p l ic a h i l i t  y of th i s  
reagent fo r  rep re sen ta tiv e  c la s s e s  of a l ip h a tic  and aro­
matic compounds are given In  T ables X III and XIV* I t  i s  
seen th a t  o th e r c lassed  of compounds give colored products 
s i t h  t h i s  reagent* The reagent i s  not n e c e s sa r ily  sp ec ific  
fo r  aromatic compounds* In  genera l I t  appears th a t  com­
pounds vhieh  s i l l  tend to  form a  carbonium io n  in  concen­
tr a te d  s u lfu r ic  acid so lu tio n  s i l l  g ive colored  products 
v i th  t h i s  reagent* These c la s s e s  of compounds include 
alcohols# e s te rs#  e th e rs  and n i t  r i le s #  s&Lch c la s s e s  of 
compounds have been shovn p rev io u sly  to  form c&rboniusx 
ions i n  su lfu r ic  acid  so lu tio n  (l)«  In  th i s  reagent the 
formaldehyde must ac t as an i n i t i a t o r  because of the  small 
q u a n titie s  of fom aldehyde requ ired  fo r  th e  most s e n s itiv e  
te s t*  Also th e  c o lo rs  produced s l t h  th e  reagent are much 
more In ten se  th a n  th e  co lo rs  produced v l th  s u lfu r ic  acid 
alone*
2 t vas a lso  necessary  to  determine th e  ro le  of th© 
su lfu r ic  mold as u e l l .e e  th a t  of formaldehyde* With th i s  
i n  mind# a  number of m a te ria ls  se re  used as s u b s t i tu te s  
f o r  th e  s u lfu r ic  acid# m aintaining formaldehyde as the 
so lu te  i n  p iece  of th e  formaldehyde* m aintain ing the  
su lfu r ic  ac id  a s  th e  solvent medium* The compounds te s te d  
a re  l i s t e d  i n  Table XV*
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iB  «£], »*•**» «*•?• «®*® »**<i i a -
f t* * d  © f tb» <M4fw«&e *»Ad, m  p o a ltlv *  t* « t»  *®s-a a tta in e d  
on * a*iufci© a*f te la***  1 a  M»*t is*  no e«lo*a
lfpp«rad 1a a raaaoaaltlo A*agMft of tin® , a troog  ooids 
U fc*tiiflu© roa**U <e» m*  n®tH*n**uWo»4.a «eld  a»o no* 
*•*•***#14, iaa* * * © i»  conoant ra te d  s u lfu r ic  aflia (31) so 
th a t  i f  th e  reagent depends so le ly  on th e  presence of 
strong  a c id s , th ese  compounds e ig h t rep lace  su lfu r ic  acid 
as th e  solvent* In  fa c t t h i s  I s  not observed* The reac­
t io n  mechanism may a lso  depend on the  a b i l i t y  of concen­
t r a te d  s u lfu r ic  acid to  ac t as a  dehydrating agent* Then, 
o th e r dehydrating agents In  strong  acid so lu tio n s  could 
conceivably  rep lace  concentrated  s u lfu r ic  sold as the  
so lvent • M ixtures of phosphorus pent oxide In  phosphoric 
#3id  and t r i f lu o r a c e t lc  acid In  a c e tic  anhydride mv® used 
as solvents* again  c o lo r  form ation v i th  a  so lu tio n  of 
to luene in  n-heptane vas not observed* These t e s t s  In ­
d ica ted  th e  unique ro le  of s u lfu r ic  acid  as th e  solvent 
fo r  th e  reagent* I t  i s  tru e  th a t  o ther m a te ria ls  have 
been used as th e  i n i t i a t o r  fo r  carbon!urn io n  rea c tio n s  but 
th ese  m a te ria ls  are  not app licab le  fo r  the  ob jec tiv e  of 
th i s  in v e s t ig a tio n  as o r ig in a lly  proposed* These m a te ria ls  
(anhydrous aluminum ch lo rid e  fo r  example) are u su a lly  
e le c tro n ic a l ly  d e f ic ie n t molecules* I t  i s  apparent in  
th e se  cases th a t  e a te r  molecules In h ib i t  the  re a c tio n  since 
th ese  m a te ria ls  must be com pletely arihydroug fo r  a carbonlum 
io n  re a c tio n  to  occur* The same e f f e c t  i s  no ticed  in  th©
19
**K»*f MMWlUUfcy Of *fce a-cageo* •
^ w w M  w  ^lRffilA i. l a  probably  I m  to
aa& sr jplaa*d u , f ** • tb *  atauMitiMM fey «!>» a u lfu r ic  M id .
M m  INM ^iioiiil i M f t l i i i a A i  k s m  i l l  th e  reagent ig
i n  th e  fom  e f
a  31# «$uee*a so lu tion*
" 'fli foot that formaldehyde i s  commercially av a ilab le  
in  *$&££ form, as a  p o ld e r  which oan be depolymertsed by 
hasting to give th e  gaseous formaldehyde, enabled th e  above 
hypothesis to  be tested*  A closed t e s t  tu b e , w ith a  de llv*  
e ry  tube attached, was f i l l e d  w ith trioxym ethylena (form al« 
dehyde polymer) and heated* The gaseous formaldehyde was 
passed into concentrated  su lfu r ic  acid and th e  re s u lt in g  
solution was te s te d  fo r  I t s  a p p l ic a b i l i ty  as before* In  
every case the reagent as thus prepared gave th e  same te s t s  
as the 37# formaldehyde so lu tio n  In  su lfu r ic  acid* F u rth er, 
the amount of fom aldehyde passed In to  the  su lfu r ic  acid 
was not c r i t i c a l  as a considerab le  excess of gas was passed 
through th e  acid  w ith  no e f fe c t  on th e  s e n s i t iv i ty  of the 
reagent* T his i s  ano ther in d ic a tio n  th a t  w ater p lays an 
important role In  the  reagent and th a t th e  re a c tio n  mech­
anism follow s a  carbonima io n  mechanism* A mechanism 
along th i s  l in e  of reasoning had been o r ig in a lly  proposed* 
Following th i s  l in e  of reasoning , benzyl a lco h o l, diphenyl- 
methane, benaophenone and tr lp h e n y lc a rb ln o l were su b e titu -
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tod fo r  th e formaldehyde la  th e su lfu r ic  ac id  as proposed 
la  ttaa o u tlin e e ffe te  msohajUan. d ll  th ese compounds 
gave no roa0tld&'«hd& applied to  a so lu tio n  of to luene  
aa hef  toe* Other compounds vers a lso  t r i e d  fo r  th e i r  
ut£H fcj «g aa]^&e* to  i n i t i a t e  th e re a c tio n  hu t in  every 
eagp the.^stospppt fa ile d . The oompounds vere aldehydic or 
IcetffVte ia .a tr u o tu r e , on th e assumption th a t  th e se  type 
at m et uses might be im portant i n  th e  I n i t i a t i o n  of the  
refitJ^N b
RABLB XXXI
« CoRpounds Tested w ith  
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Figure 9
Proposed Mechanism fo r  Carhonium Ion Formation
Jtc=0 + H+
H
c®
H,0
.+
+ H,0
> AtOH
/"■
Hp +
+ H,0
Colored
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P o ssib le  S u b s titu te s  I n  th e  Formaldehyde-Sulf u ric  Acid
Beagent
Solvents 
A eetie Anhydride
A eetie Anhydride -  T r if lu o ro so e tic  Acid 
Ifethaneaulfonic Aeld 
Phosphoric Aeld
Phosphoric AOId -  Phosphorous Pent oxide
S e lfu ric  Aeld
T r lf  lu o ra se tlc  Acid
Solgfcea 
ASetaldehyde 
Bens opbenone 
Bansyl Alcohol 
Formaldehyde 
I s a t in  
Pyruvic Aeld
Trlketohyflrlndene Hydrate (Hlnhydrln)
Trioxymethylen*
T rlphenyloarhinol 
Triphenylmethane
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In te rp re ta t io n  of an ee tra  o£ Colored Products £&
A meohenlsffl f  o r th e  p roduction  of colored  substances 
in  th e  re a c tio n  of aromatic hydroo arsons w ith  th e  form al- 
dehyde-sulfuriQ  acid  reagent has been proposed and out* 
lin e d  in  an e a r l i e r  se c tio n , The re a c tio n  i s  thought to  
occur through th e  form ation of carbon!um io n s  in  th e  su l-  
f e r r i c  acid  me d im . Such a mechanism has been te s te d  from 
th e  standpoin t of th e  m a te r ia ls  p a r t ic ip a t in g  in  the  re ­
a c tio n  and th e  r e s u l t s  have shown th e  unique ro le  which 
su lfu r ic  acid  p lays In  th e  re a c tio n .
The ab so rp tio n  sp e c tra  fo r  a  se le c t number of com­
pounds was determined in  concentrated  su lfu r ic  ac id ,
S i l ic a  c e l l s  were used w ith  th e  Beckmann Model DU Spectro­
photom eter over th e  wavelength reg ion  of 210 to  600myW.
The adso rp tion  sp ec tra  of th e  same compounds was d e te r ­
mined in  th e  fessaaldehyde-sulfuric acid reagent w ith the  
same appara tu s. The sp ec tra  are  compared In  P lgures 10*
11* I t*  13* 14* end 15, Two drops o f a  0,01 molar so lu tio n  
of th e  hydrocarbons in  n-heptane were added to  f iv e  ml of 
th e  ap p ro p ria te  so lven t w ith thorough mixing of th e  two 
l iq u id s .  The re s u l t in g  m ixture was allowed to  stand u n t i l  
th e  so lu tio n s  booms uniform w ith  respect to  the  d ispersed 
n-beptsne so lu tio n . The abso rp tion  sp ec tr a were determined 
according to  standard epeetrophot omet r lc  techn iques.
In  th e  case of bom one* raesitylene and tripheaylm et liano*
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va* a lso  added to  th e  solven t to  determ ine the  
a f fe o t  o f i t s  fN w a M  an tho abso rp tion  sp e c tra  of th e  
hydrocarbons. The absorption sp ectra  of th e  compounds 
4 U N lw 4  la  su lfu r ic  sa id  I s  d if fe re n t  th an  th e  absorp tion  
apeotre fo r  the aase compounds disso lved  In  th e  fonsalde- 
h jd e-au lfu ric sa id  reagent. in  each of th e se  th re e  oases 
a  nee absorption peek l a  a lso  no ticed  a t a  longer nave 
len gth . In  th e  oaae o f th e  trlphenylm ethane th e  absorp tion  
peek a lso  appeared to  a  slbght ex ten t uhen the  su lfu r ic  
aeld  m s  used as th e  so lv en t. Where th e  reagent uas used 
as  th e  so lvent and diphenyl* anthracene and hexaethylben- 
seae se re  th e  hydrocarbons* th e  abso rp tion  sp e c tra  fo r  
anthracene and hesaethylbengene are  approxim ately id e n tic a l  
s lth  th e  ab so rp tio n  sp e c tra  as obtained in  s u lfu r ic  acid 
alone. The abso rp tion  sp e c tra  fo r  diphenyl shove th e  nev 
peak a t  a  longer save len g th  as no ticed  fo r  bensene and 
a e s ity le n e .
observed e f f e c ts  nay be explained by considering  
the ease s l t h  vhich the compounds tend to  fo ra  oarboniua 
io n s. I t  has been observed th a t  th e  presence of a lk y l 
groups on a  bansone r in g  in c re ase s  th e  s t a b i l i t y  of th e  
carboniua io n  (18 ). The ease of form ation of carbonium 
le n s  i s  greater when hyperconjugatlon  can occur* as fo r  
branched red iea la  attached to  the c e n tra l  r in g . S im ila rly , 
bulky m olecules tend  t o  undergo carbonium io n  rea c tio n s  
ataih f a s t e r  and th erefore much e a sie r  than  small
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meleeales ( i ) .  Eexaethylbensen® i s  mor© reac tiv e  
than toluene vhich 19 tu rn  l a  more re a c tiv e  th an  bemem  (3 2 ). 
These observations are the exact equ iva len t to  th e  observed 
motion for the compounds s tu d ie d . Benzene* th e  le a s t  h in ­
dered molecule* should form carbonium ions to  a  le s s e r  ex ten t 
than any other single ring arom atic hydrocarbon. Mosltylen© 
should be more ac tiv e  because of th e  methyl groups attached 
to  th e  nucleus and a  much la rg e r  abso rp tion  peak in  fac t i s  
observed. Tbs la rg e s t  peak should be observed in  th e  case of 
trf^henylmeth&ne as I s  observed! th e  triphenylm ethyl c a r-  
boniisa Ion  I s  formed w ith  p a r t ic u la r  ease . This compound 
Is actually hindered enough so th a t  formaldehyde i s  not 
requ ired  to  I n i t i a t e  th e  re a c tio n  but i t  does act as a 
^ rem oter. Bexoethylbensene has a lk y l groups com pletely
surrounding th e  molecule and ex tensive  oarboniua io n  fo r ­
m ation occurs even without formaldehyde in  th e  so lu tio n .
29 the case of diphenyl* the  abso rp tion  peak I s  more d i f ­
fuse* as one might expect* since i t  should re a c t s im ila r ly  
to  benzene except th a t  th e  presence of th e  conjugated 
benzene r in g  decreases th e  tendency to  form carbonium ions 
and i t  is  observed th a t the  d iffe ren ce  in  wav® len g th  fo r  
the colored  product from benzene and benzene i t s e l f  i s  
greater then the d iffe re n c e  in  wavelength of th e  absorp­
tion peeks f o r  the colored product from diphenyl and the  
parent m olecule. Anthracene i s  in  a c la ss  by i t s e l f  
because of th e  condensed rin g s  in  th e  molecule. Hare the
88
moleauta i s  s e ltP g e  t l a t  I t  tends to  re a c t even In  su l­
fu r ic  m id* The absorption  sp e c tra  fo r  anthracene in  the 
te e  so lv en ts has s lig h t ly  d if fe re n t  abso rp tion  maxima but 
th ere la  gen eral o v era ll agreem ent, so w  of th e  e x tra  
poafce ev iden t i n  th e  anthracene sp e c tra  nay be due to  
fluo resoeaee of th e  m olecule.
A number of ab so rp tio n  sp eo tra  vere obtained over 
th e  v is ib le  reg ion  only  using  corex c e l l s  u l th  procedure 
as g iven previously* These curves a re  in te r e s t in g  i n  th a t 
each c capo and which forme a red colored  product has th re e  
abso rp tion  maxima appearing a t approxim ately th e  seme 
«aveleng ths. The v a r ia tio n  of c o lo r  in te n s i ty  w ith in  
t h i s  group may be due to  th e  r e la t iv e  s tre n g th  of the  
abso rp tion  maxima* The oompounds w ith  condensed rings 
g en e ra lly  give a  s in g le  d if fu se  absorp tion  band in  the  
v is ib le  reg ion  and th e  p o s it io n  of th e  maximum v arie s  
s l ig h t ly  from compound to  compound as  i s  expected since 
th e  co lo rs  of th e  re a c tio n  product vary  s l ig h t ly  from 
compound to  compound w ith in  th e  s e r ie s  of condensed 
hydrocarbons studied* The so lvent used fo r  th e  hydro- 
carbons vas n-heptane* which has no appreciab le  absorp tion  
ever th e  reg io n  of th e  v is ib le  spectrum* Color form ation 
w ith  a l ip h a tic  hydrocarbons i s  extrem ely slow and any 
re a c tio n  i s  probably due to  im p u ritie s  in  th e  heptane.
The aeebam sn th a t  has been proposed fo r  the  observed
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M i l ' l l * "of arcm*l&e hydateeatfboas v i th  & so lu tio n  of fora~ 
ittdehyfle l a  cooceittrsfced su lfu r ic  cold i s  not adequate to  
ex p la in  th *  cfeaervstlons i n  sev e ra l in s ta n c e s . The r e -  
aotion  mechanian i n  tuo  ease of hexaethylbensen© i s  
d i f f i c u l t  to  ex p la in  along th e  l in e s  of th e  o th e r com- 
pounds* Here th e  ooapound i s  of s u f f ic ie n t  b a s ic i ty  (32 ) 
th a t  i t  sould he p o ssib le  fo r  a  pro ton  to  become associa ted  
s ith  th e  t e s t  molecule in  seme fash io n . Thus the  re a c tio n  
vould not be p red ic ted  to  be dependent on th e  presence of 
formaldehyde 3 th e  same holds t ru e  fo r  anthracene* Thus 
i t  i s  obvious th a t  th e  mechanism fo r  a  given re a c tio n  i s  
dependent on th e  n a tu re  of th e  molecule p a r t ic ip a t in g  in  
th e  reaction*  Again i t  i s  t ru e  th a t th e  form ation of such 
an io n  may tak e  p lace a t d if fe re n t p o s itio n s  on a  given 
molecule* The re a c tio n  in  every  case i s  f a s t  and the  
r e a c t iv i ty  of such in te rm ed ia tes  r e s u l ts  in  res id u es  of 
usrtcnmm composition* These res id u es  have been found to  
be In so lu b le  i n  a l l  so lven ts t r i e d # from organic to  
s tro n g ly  ac id ic  and basic  solutions*
Pome of th e  compounds studied  have been observed to  
fluoresce*  These flu o rescen t sones were* in  every  case , 
th e  sons in d ica ted  by th e  applied  s treak  reag en t. In  a 
fe e  instances#  fluorescence e s s  observed only a f te r  
a p p lic a tio n  of th e  s tre a k  reagent and then  only a t the  
edges of the  2one. At no time vas fluorescence observed 
fo r  th e  colored product. The compounds ex h ib itin g  th i s
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phenomenon included t e t r a l i n ,  phenanthrene, anthracene 
and chrysene. ^h ia  I s  not th e  fluorescence of th e  ordin~ 
w y  mates*lal as observed but a  fluorescence uhlch a r is e s  
only a f t e r  th e  scm» had been s treaked  ti lth  th e  re a g e n t•
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Since aromatic hydrocarbons are devoid of a fu n c tio n ­
a l  group a s  h e re in  considered , th e  question  n a tu ra lly  a r is e s  
as t o  hoe t t o  hydrocarbons are adsorbed, On s i l i c a t e  adsor­
b en ts  in  p a r t ic u la r ,  ad so rp tion  i s  thought to  take p lace 
through th e  fu n c tio n a l group t i l th  the  side ch a in  h indering  
th e  ad so rp tio n , That pu re ly  ph y sica l fa c to rs  a lso  a ffe c t 
ad so rp tion  behavior has been s e l l  e s ta b lish e d , S o lu b ility , 
flu id  flo u  through porous media, surface te n s io n , a l l  
hate  been shorn t o  be operative  in  p a r t ic u la r  oases.
That an  arom atic r in g  does shoe adsorp tion  s tre n g th  to  a 
s l ig h t  ex ten t has been shorn q u a l i ta t iv e ly  by LeEosen, Be 
assigned a donor s tre n g th  fo r  the  aromatic r in g  tilth  respec t 
to  an e le c tro n  p a ir  of 0*002 in  h ie  s p e c if ic i ty  s tu d ie s  
Bov th i s  adso rp tion  s tren g th  a r is e s  has not been explained*
Zf one co n sid ers  th e  proposed s tru c tu re  fo r  benzene, i t  
i s  apparent th a t  adso rp tio n  could a r is e  from co n sid e ra tio n s  
uhleh have been proposed fo r  th e  s t a b i l i t y  of the  bencene 
ring. The lev  r e a c t iv i ty  of bensene has been explained on 
th e  b a s is  cf resonance hybrids tihere th e  a c tu a l energy of 
th e  molecule I s  le s s  th a n  th e  energy fo r  any one resonance 
hybrid th a t  has been proposed. Consequently, the  ac tu a l 
system shoes a g re a te r  s t a b i l i t y  and a lo s e r  r e a c t iv i ty  
th an  tiould be expected from any separate  reso n a tin g  sfcruo- 
upe* The d iffe ren c e  i n  energy bettieen th e  a c tu a l system
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asd th a t  p red ic ted  f o r  th e  reso n atin g  s tru c tu re  i s  c a lle d  
th e  resonance energy (SB)*
I t  may be shown from quantum mechanics, applied to  a 
g iven system, shore two or more s tru c tu re s  of approxi­
m ately  equal energy may approximate th e  tru e  e le c tro n  
d is t r ib u t io n  fo r  a  molecule* th a t  some In term ediary  com-* 
b ln a tlo n  of th e se  s tru c tu re s  w ill  approximate th e  tru e  
s tru c tu re  more c lo se ly  (59)* The resonance energy i s  a 
measure not only of th e  s t a b i l i t y  of th e  compound hut of 
th e  m o b ility  of th e  e lectrons*  Higher resonance energy 
Im plies h igher e le c tro n  m obility*
lb s  resonance energy fo r  a  number o f aromatic com­
pounds has been ta b u la te d  In  Table XVI* I f  one p lo ts  th e  
R value f o r  th e  compounds ag a in st th e  resonance energy as 
in  F igure 21 and th e  fi value versus m olecular weight as  in  
F igure 22, i t  i s  seen th a t  th e re  i s  b e t te r  agreement f o r  a 
s tra ig h t l in e  fo r  th e  p lo t invo lv ing  th e  resonance energy* 
That th e re  i s  no r e la t io n  between resonance energy and 
m olecular weight i s  seen i n  Figure 23* A b e t te r  id e a  of
adso rp tio n  s tre n g th  i s  obtained i f  th e  q u an tity  i sK
used* T his q u a n tity  i s  e s s e n t ia l ly  th e  in v erse  of th e  
r a te  o f movement 1 /2  co rrec ted  to  ^  - 1 so th a t  when B 
equals one (th e  t e s t  compound i s  not adsorbed)* th e  ad­
so rp tio n  s tre n g th  i s  aero* The q u an tity  i g i  i s  termed 
th e  adso rp tion  a f f in i t y  and may be shown to  be id e n tic a l  
w ith th e  f  i n  leftossn’s s p e c if ic i ty  equation . In  Figure Sty,
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* log* leg  p lo t i s  made fo r  ag a in st th e  m o lecu la r w ig h t*  
and th e  p o in ts  f a l l  on a  f a i r l y  s tra ig h t l in e .  A more s ig ­
n if ic a n t p lo t i s  obtained when i s  p lo tte d  versus th e  
resonance energy using log -log  paper as in  F igure 25# In  
t h i s  f ig u re  th e  s in g le  r in g  aromatic s tend to  f a l l  on a 
s t r a ig h t  l in e  w ith a  slope d if fe re n t than  the  slope of the  
l in e  f o r  th e  conjugated or condensed arom atic r in g  compounds# 
The two l in e s  in te r s e c t  where th e  sim plest conjugated aroma­
t i c  r in g  compound i s  found (d ipheny l). I t  may thua to  pos­
s ib le  that* f o r  th e  sim pler aromatic hydrocarbons* th e  
resonance energy may be q u a l i ta t iv e ly  re la te d  w ith adsorp tion  
s tre n g th  but* fo r  la rg e r  molecules* th e  m olecular weight be­
comes mors dominant. Unfortunately,, i t  would be d i f f i c u l t  
to  t e s t  this hypothesis fu r th e r .  The fu n c tio n a l group of 
any compound would com pletely overshadow th i s  resonance 
energy e f f e c t .  Again th i s  may be seen in  th e  loHosen c a l­
c u la tio n  where the  donor s tre n g th  fo r  a  n i tro g e n  or an 
oxygen atom in  a  given fu n c tio n a l group i s  app rox im ate ly  
100 tim es la rg e r  th an  the  donor s tre n g th  ca lcu la ted  f o r  th e
i
aromatic r in g  (44). Studies completed on the  r o le  of the  
s u lfu r  atom in  adso rp tion  in d ic a te  th a t  the  su lfu r  atom has 
a  donor s tre n g th  of the  some order of magnitude as th e  donor 
strength of th e  aromatic r in g  (45). Bvery petroleum 
chemist knows th e  d i f f ic u l ty  of Separating su lfu r  com­
pounds from the  hydrocarbon f ra c tio n s  in  petroleum stocks. 
Here adso rp tion  i s  decidedly  lim ited  in  i t s  ap p lica tio n  
since  su lfu r  compounds and aromatica should be adsorbed
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to  th e  same e x te n t*
There Is m e aa#arbent--earbon*-w hi0h  may throw 
fu r th e r  l i $ i t  on th i s  hypothesis* The slope of th e  l in e  
f o r  th e  lo g -lo g  p lo t of versus resonance energy la  
p o s itiv e  as I s  th e  case fo r  adsorp tion  on carbon uhere 
ad so rp tio n  of th e  carbon atoms of th e  molecule I s  the  
predominant fa c to r  In  adsorption* The LeRoaon. s p e c if i­
c i t y  equation  I s  based on negative slopes vhen R i s  
p lo tte d  ag a in st the  m olecular weight of th e  aide chain*
I t  i s  fo r  t h i s  reason  th a t  donor s tren g th s  fo r  the  con­
densed r in g  systems are not ca lcu la ted*  The donor values 
f o r  s in g le  r in g  aromatic hydrocarbons have been ca lcu la ted  
and are! staamarized i n  Table XVII, along s l t h  the  p e rtin en t 
d a ta  necessary  to  ch a ra c te r iz e  the  adsorbent* The donor 
s tre n g th  fo r  th e  aromatic r in g  should be s l ig h t ly  la rg e r  
than  p rev io u sly  ca lcu la ted  and the  average value i s  
approxim ately 0*004*
/
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table xvi
Beaonanoe Snergles o f Aromatic Hydrocarbons
rp tive Rf Besoiwioin&rgy
Jeenaphthene 0.630 0 .5 8 7 70.7
Anthracene 0.530 0 .8 8 7 104.7
Baasene 0.775 0 ,2 9 0 37,3
Chrysens 0.365 1.740 150,7
BLpbenyi 0.575 0.739 86.9
Bthylbeasene 0.765 0.307 39.8
MLuorene 0.545 0.835 95.2
Iftlbthal02» 0.655 0.527 74.6
•
fbenanthrene 0.520 0 .923 1 1 0 ,1
Phenylac e t ylene 0.620 0.613 49.8
Propylbensene 0.780 0.282 41.2
S tllb en e 0.415 1.410 94.2
o-Terpbenyl 0.385 1.597 135.3
m-Terphenyl 0.400 1.500 134.7
p-Terphsnyl 0.355 1.817 135.0
Toluene 0.745 0.342 39.2
, 5-Trtphenylhensene 0.245 3.082 182.0
* Pauling, I>. and Sherman jr. Chem. Phys.> 1  606 (1933)
Tbs Mature of tha Chemical Bond. VI. The c a lc u l­
a tio n  from Thermoohomloal Bata of tha  energy of 
reaonanae o f m olecules among several e le c tro n ic  
Structurea.
P auling, 1m and Sherman J . ,  J . Cham. Fhye., 1 679  (1933) 
The Hature of the Chemical Bond. V II. The c a lc u l­
a tio n  o f resonance energy In  conjugated systems.
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TABUS XVII
In te ra c tio n  Tendency of the  Aromatic Bing
A dsorptive Adsorptive
B Bensaae 0.0023 M ealtylene
n-ButylbanBene 0.0(94 Phenylse e t  ylene
s-Butylbenaene 0.0040 Phenyloyclohexane
t-B u ty lbem ene o,oo4o n-Propyibeneene
Cxesene 0 .0 0 3 4 Toluene
D eoalln 0 .0 0 5 6 o-Xylene
Durena 0.0064 m-Xylen©
Bthylbenzeoe O.OQ33 p-Xylene
5 ® 1 Ds  •  0,004
0
8
0.0049
0.006?
0.0054
0.0034
0.0032
0.0037
0.0033
0,0037
Sample C alcu la tions
JWB m 1 A* Pa
«  ®*SO D(J
B acetone •  0 .0 8 1  
Da carbonyl * 0 .2
Mgc acetone * 30 
D,3 heptane * 1 .0
A& e l l l c lo  acid B 9370 ca lcu la ted
B butylbenzene •  O.7 6 5  Mgo butylbensene •  134 
Ae  s i l i c i c  acid  ■ 9670 Dd heptane * 1 .0
Be aromatic r in g  * 0.004
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Kxm ocm -BoisD im  m  ad sq rp tioh
I n  any kind of ad so rp tio n  study th e re  a re  many con- 
eu an m t end re la te d  measurable phenomena th a t  may demand 
axwal nat io n  be aide a th e  a c tu a l adso rp tion  i t s e l f #  Ope of 
th e  meat im portant questions which a r is e s  l a  th e  type of 
boad which e x i s t s  between th e  adsorp tive  and the  phase 
atoms* mad th e  change In  energy th a t may occur in  the  
process#
Since hydrogen-bonding has been proposed as one da* 
te rm m aat i n  th e  ad so rp tio n  process an in v e s tig a tio n  was 
undertaken to  a s c e r ta in  whether such bonding was a c tu a lly  
ev iden t between th e  adsorbent and th e  adsorptive* Since 
a  s o lid  phase would be encountered i n  th i s  study th e  
usual epectroeooplc tran sm issio n  measurements fo r  the  
d e te rm ina tion  of an abso rp tion  sp e c tra  would not be ap­
p licab le*  I t  i s  a lso  tru e  th a t  th e  absorp tion  sp ec tra  
f o r  any g iven compound should r e ta in  i t s  o v e ra ll charac- 
t e r l s t l o s  even i f  r e f le c t io n  techniques fo r  so lid  com­
pounds were used in s te a d  of th e  more common transm ission  
sp e c tra  fo r  compounds d isso lved  In  an appropria te  solvent* 
A refleotam ee attachm ent fo r  th e  Beckman Model DU Spec- 
trophotom eter was av a ilab le  fo r  th i s  instrum ent and was
1X4
used i n  t h i s  study .
The attachm ent makes use of th e  monochromator of the  
instrum ent I n  th e  usual fash io n  hut r e f le c ts  th e  mono­
chromatic l ig h t  onto th e  am ple  by means of a plane 
m irro r. Unabsorbed l ig h t  i s  re f le c te d  from th e  sample 
and th e  l ig h t  re f le c te d  a t an angle fro® 35 to  55° ’with 
th e  in c id en t l ig h t  i s  focused by means of an e l l i p t i c a l  
r in g  onto a d if fu s in g  surface immediately in  fro n t of 
th e  se lec ted  phototube. The instrum ent operates from 
thereon  in  th e  usual fash io n .
Spectroscopic evidence f o r  hydrogen-bonding i s  con­
clu siv e*  Infrared ab so rp tio n  of th e  v ib ra tio n  frequency 
fe e  hydrogen attached to  oxygen m  a  molecule has been 
observed i n  any nuober of cases and has followed p red ic ­
t io n s  by a  number of workers in  th i s  f ie ld  (57)* However 
i n  th e  in frared  region  of th e  spectrum the  fundamental 
v ib ration s are observed as w ell as th e  f i r s t  overtone© 
where the in te n s i ty  of th e  v ib ra tio n s  i s  s t i l l  large*
The second overtone would appear ju s t  ou tside the  v is ib le  
reg io n  w ith  very much dim inished in te n s ity *  i n  added 
lo s s  of energy i s  i n  th e  use of r e f le c t io n  ra th e r  than 
tran sm issio n  measurements. For these  reasons i t  was 
Q uestionable whether the  Beckman instrum ent would be 
usable i n  such a  study .
For a few se lec ted  compounds th e  r e f le c ta n c e
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ab so rp tio n  spectra should s t i l l  co n ta in  th e  overtoil© of the  
fundamental -OH vibration*  I f  t h i s  group was ac tiv e  i n  
ad so rp tio n  to  an adsorbent th i s  absorp tion  peak fhould 
d isap p ear o r be sh if te d  to  longer wavelengths* as i s  ob­
served in  the In fra re d  region* In  order to  t e s t  the  ap­
p l i c a b i l i t y  of th e  method# se lec ted  compounds were used 
to  t e s t  th e  supposition* Solid  compounds w@r© chosen so 
that th e  r e f le c t io n  sp ec tra  of the  pur© compound would 
contain only th e  c h a ra c te r is t ic s  which would appear in  
later measurements« Hydroxy compounds should be most 
applicable# p a r t ic u la r ly  i f  e lec tro n eg a tiv e  groups are  
present in  the ao leou le  to  cause the  hydrogen of the  -OH 
group to  be more acid ic*  The amine group has been shown to  
participate i n  hydrogen-bonding also*
Experim ental
A sample h o ld er was constructed  of a  th re e  m illim eter 
thick piece of th i r ty - s ix  m illim e te r diam eter g la ss  tubing 
cemented onto a g la ss  p la te  cu t to  f i t  in to  th e  re flec tan ce  
attachment of th e  Heckman instrum ent* I t  has been shown 
that fo r  a c r y s ta l l in e  sample th re e  m illim eters  thick# a i l  
in c id e n t l ig h t  can be accounted f o r  by a b so rp tio n  and r e ­
f le c t io n  w ith in  th e  sample and no l i g h t  i s  t ra n s m it te d  t o  
th e  base p la te  (68). A block of magnesium ca rb o n a te  was 
used as th e  standard re f le c t in g  su rface*  I*iagnesium c a r ­
bon a te  r e f le c t s  S8$ of the  in c id e n t  l ig h t  and a c ts  as a 
p e r fe c t ly  white d iffu se  surface (19)* S crap ing  th e  su rfa c e
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w ith  a  smooth b lade renews th e  su rface  a t  any t i n e ,  th e  
t e a t  samples were pulveKLaed w ith  m ortar and p e s tle  when 
necessary  and packed In to  the  sample h o ld e r. The r e f le c ­
t io n  abso rp tion  sp e c tra  was obtained i n  Id e n tic a l  fash ion  
w ith  tranaaL salon  abso rp tion  sp e c tra .
The compounds were p u rif ie d  by reo ry s ta lliaa fc io n  
when necessary  and th e  r e f le c t io n  sp e c tra  of a  number of 
compounds were ob tained .
The ab so rp tio n  sp e c tra  fo r  a  s e le c t group of these  
eompouads was obtained using sa tu ra ted  so lu tio n s  of th ese  
eospounda l a  bensena. These so lu tio n s  were th en  placed 
la  con tact w ith  s l l i o lo  so ld  and a  s u f f ic ie n t  amount of 
th e resu ltin g  slu rry  was placed in  th e  r e f le c t io n  c e l l  
holder end th e  r e fle c tio n  sp ec tra  of the  compounds when 
adsorbed were determ ined. The reference  standard in  
th ese  In stan ces was th e  s lu r ry  of th e  s l l i o lo  acid and 
hensens w ithout th e  t e s t  m a te r ia l. The sp e c tra  obtained 
ore p lo tte d  fo r  each compound te s te d  In  f ig u re s  26.27*
88» 29 and 30. The r e f le c t io n  sp e c tra  of a  number of 
e th e r  com pounds ore shown i n  F igures 31 end 32.
An attem pt was made to  o b ta in  an absorp tion  sp ec tra  
of a  tra n s lu c e n t system. A m ixture of s i l i c i c  acid  in  
carbon te tra c h lo r id e  appears tra n s lu c e n t because of th e  
s im i la r i ty  i n  th e  re f ra c t iv e  in d ices  of the  two m a te r ia ls .
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In  auoh a  system transm ission  measurements are  p o ssib les  
The sp e c tra  w e  shewn, l a  F igure 33*
IjdlscuaaiQ^
The r e f le c t io n  sp ec tra  of a  number of so lid  organic 
compounds has been determined by means of th e  re f le c ta n c e  
attachm ent fo r  th e  Beckman Model DU Spectrophotometer*
The cu rses  are  shown as p lo ts  of o p tic a l d e n s ity  against 
th e  ease le n g th  in  m illim icrons In  F igures 26* 27, 38* 29*
30 end 31* The standard r e f le c t in g  surface was magnesium 
ooxfeo&fifce where a  renewable surface could be obtained* 
iFcm th e  n u t te r  of compounds studied i t  i s  obvious th a t  such 
s p e c tra  are  c h a ra c te r is t ic  of each compound* a s  I s  expect ©a. 
The compounds were a lso  se lec ted  fo r  th e  presence of a  hy­
droxyl group a t  some p o s itio n  in  th e  molecule which would 
be a v a ila b le  fo r  hydrogen-bonding. From the  f ig u re s  i t  i s  
obvious th a t  th e  -OSH v ib ra tio n  occurs a t approxim ately 
1000 Wjji9 This i s  th e  p red ic ted  p o s itio n  from a knowledge 
of th e  fundamental v ib ra tio n  i n  th e  in fra red *  The 
»JKB v ib ra tio n  a lso  occurs in  t h i s  reg ion  as p red ic ted  
from I t s  fundamental v ib ra tio n  in  th e  In frared*
The abso rp tion  peak which o ccu rs a t  app rox im ate ly  
1140 a i^ and th e  small peak a t 870 m//may be shown to  be 
3no to  th e  presence of the  benaono r in g  i n  th e  m o lecu le .
T h is  i s  confirmed by th e  a b s o rp tio n  s p e c tr a  ob ta ined  of
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th e  ooeypottnde when d isso lved  in  bensen© solution* In  each 
Q&SQj th e  abso rp tion  sp e c tra  e x h ib its  a  minimum in  th e  curve 
in d ic a tin g  & reinforcem ent of th e  transm ission  of the 
so lven t by th e  solu te*  That th i s  i s  th e  c o rre c t explana­
t io n  i s  checked by determ ining the  abso rp tion  sp e c tra  of 
th e  compound i n  a  non-arom stic so lvent th e re in  th e  peak 
should a lso  appear as before* That th i s  a c tu a lly  occurs 
i s  shown i n  Figure 2? where chloroform i s  used as the 
so lven t f o r  trich lo ropheno l*  When p-hydroxydiphenyl i s  
studied* th e se  peaks are of much g re a te r  in te n s i ty —‘the  
presence of th e  two aromatic rin g s  accounts fo r  th i s  
in c re ase  i n  absorption*
Trlphenylam ine e x h ib its  no abso rp tion  a t  1000 oyt«
This compound co n ta in s  no hydrogen av a ilab le  fo r  hydrogen- 
bonding*
I n  order to  be c e r ta in  th a t  hydrogen-bonding a c tu a lly  
had occurred I t  i s  -necessary to  determine the  absorp tion  
sp e c tra  of each compound in  the  so lvent to  be used in  the 
adso rp tion  process* These curves a re  shown in  Figures 
260 27  ^ 2d, 29 and 30 and in d ic a te  th a t  a fre e  -OH group 
i s  p resen t i n  th e  m olecule. The compounds f in a l ly  se lec ted  
were chosen out of n e c e ss ity  and not bo choice. A ll of th e  
compounds o r ig in a lly  te s te d  were no t s u f f ic ie n t ly  so lu b le  
in  benzene to  give an absorp tion  s p e c tr a  where th e  -Oil 
v ib ra tio n  was appreciab ly  n o ticeab le . Out of ap p rox im ate ly
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tw enty compounds o r ig in a lly  te s te d  only f iv e  ^er® su ita b le  
f o r  f u r th e r  vorfe*
A fter th e  abso rp tion  sp e c tra  in d ica ted  th e  presence 
of a  fre e  -OH group, th e  same so lu tio n  v&s missed w ith an 
amount of s l l io lo  acid to  form a  s lu r ry  vhlch could be 
poured in to  th e  ho lder fo r  th e  re f le c ta n c e  attachment#
The ab so rp tio n  sp e c tra  th u s  obtained are p lo tte d  In  the  
sane f ig u re s  as In d ica ted  above fo r  easy comparison of 
re su lts#  In  each case th e  abso rp tion  maxima due to  the  
-OH v ib ra tio n  d isappears or i s  considerab ly  diminished 
r e la t iv e  to  th e  o ther abso rp tion  bands# Only In  th e  case 
of o-chlorqphenol I s  the  -OK band presen t to  any g rea t 
ex ten t a f t e r  being adsorbed on the  s i l i c i c  acid# T his may 
be p a r t i a l l y  explained by th e  co n cen tra tio n  of the  so lu tio n  
adsorbed onto th e  s i l i c i c  acid# The o r ig in a l so lu tio n  ^as 
approxim ately by volume so th a t  a l l  of th e  compound 
may not have been com pletely adsorbed by the  adsorbent#
The r e s u l t s  In d ic a te  th a t  hydrogen-bonding I s  a  
f a c to r  In  ad so rp tio n , as p red ic ted  from experim ental 
observations of adsorp tion  phenomenon# This method of 
approach to  th i s  problem i s  th e  f i r s t  d ire c t evidence 
fo r  hydrogen-tending to  an adsorben t. F u rther work along 
th i s  l in e  of approach may fu r th e r  point out the  types of 
bonds vhich a r is e  in  adso rp tion .
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A system of adsorben t, so lvent and so lu te  ■yhieh 
appeared tra n s lu c e n t was stud ied  to  determine I f  bonding 
phenomena oould be detec ted  by d ire c t  transm ission  
measurements share  more l ig h t  energy was availab le*  l\toe 
r e s u l t s  in d ic a te  th a t  i f  & s u f f ic ie n t  amount of adsorbent 
l a  added to  th e  so lu tio n  to  com pletely remove a l l  the  
so lu te  from the  so lu tio n  th e  r e s u lt in g  mixture would 
decrease th e  l ig h t  in te n s i ty  to  such an ex ten t th a t no 
tran sm issio n  measurements could be made* For th e  case 
shore le s s e r  amounts of adsorbent are p re se n t, an e q u il-  
brim s must be se t up between th e  amount adsorbed and th e  
m ount in  so lu tion*  D irect transm ission  measurements 
would be too  g re a t ly  a ffe c te d  by the  presence of the  
unadsorted so lu te  in  the  liq u id  phase to  perm it theo­
r e t i c a l  c oneluslons from epectrographic data*
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Qbberinstruaeiite are av a ilab le  fo r  uae in  d e te r­
mining absorption apeetra of adsorbed compounds by 
reflection measurementa. th e  most obvious choice le  
4&l(tfrare<3fpectroaster. Thle Instrument oould be 
u*ed fn the region of the flrat overtone of the  -OH 
and -IIH vibrations, vhere the absorp tion  bende are 
note j^bhdt&eed. these instruments have greater re­
setting peMr and greater sensitivity  than the if ts tru -  
siiht ased itttb ieB tady. -
Other cheree ee rie  t i c  v ib ra tio n a l frequencies may 
be a ffec ted  by adsorp tion  which could a lso  be detected  
by r e f le c t io n  measurements In  the appropria te  reg ions. 
Since a sso c ia tio n  through sharing  of an e le c tro n  p a ir  
has a lso  been proposed fo r  bonding in  adso rp tion , s tu d ies  
of fluorescence sp ec tra  or phosphorescence sp ec tra  may 
be applied to  th le  problem.
A number of re la te d  phenomenon must be accounted fo r 
in  any complete theory of chromatography. Of p a r t ic u la r
Importance i s  the In te ra c tio n s  between the components of
the system due only to  t t e i r  mutual con tact e l th  on© en~ 
o tte r*  These mutt include of the n e c e ss ity  the mutual in f lu ­
ence one phase has on the ocher$ as s e l l  as the In fluence 
a given p roperty  of one m a te ria l may have on the same or 
o t t e r  physica l p ro p e rtie s  of another m aterial*
The process i s  not sim ple. Adsorption i s  a dynamic
process sith c o n s tan tly  changing fe a tu re s . No theory
MB to  expected to  f i t  a ll  observed experim ent&l f a c te ,
’v' . v. ■ ■*> -
a&d to s t  agreeawnt, the ao s t ap p licab le  system auec be
chosen at the o u ts e t .
n e  a e s t w idely ensountered assumption i s  fo r  Inetan- 
tawe —a eM am brltuaand no d iffu s io n . A theory for  ju st 
to e a a to e  pbenoMeoa soold  go fa r  toward accurately de- 
tiiih tn ir  sd serotissi.
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apfehwx
A T est For Aromatic Hydrocarbons
Any scheme of q u a l i ta t iv e  organic a n a ly s is  i s  based 
on th e system atic id e n t i f ic a t io n  of an organic substance* 
For th le  reason i t  i s  d e s ira b le  th a t  a  t e s t  be a v a ila b le  
to  id e n tify  p o s it iv e ly  any given c la s s  of compounds.
This t e s t  Should be se n s itiv e  as s e l l  as s p e c if ic .  A 
t e s t  currently  i n  use fo r  the  id e n t i f ic a t io n  of aromatic 
hydrocarbon* requires anhydrous a lm slaw  c h lo rid e  and 
dry so lvent s  & )•  These anhydrous co n d itio n s  a re  incon­
venient to  m aintain sh are  a la rg e  number of s tuden ts  l a  
concerned mod represents time consuming procedure cai th e  
behalf o f may p articu lar studen t in te re s te d  in  making 
such a  t e s t .
A more convenient t e s t  circum venting th e se  d i f f i c u l t  
t i e s  has been found. Aromatic hydrocarbons have been found 
to  re a c t w ith  a  so lu tio n  of formaldehyde in  Concentrated 
s u lfu r ic  acid  to  form colored products c h a ra c te r is t ic  of 
th e  number of aromatic ring® In  th e  m olecule. A liphatic  
hydrocarbons give no c o lo r , or only a very l ig h t  yellow.
By mean® of th i s  reagent one may estim ate  the  number of 
condensed or conjugated ring® in  the  m olecule. The co lo rs
132
produced by  th i s  reagent w ith  aromatic hydrocarbons are 
s im ila r  t e  th o se  c o lo rs  produced by reagen ts re q u ir in g  the 
anhydrous media but co n d itio n s  necessary  fo r  ca rry in g  out 
t h i s  t e s t  are  sim pler w ithout lo s in g  the  d ire c t  approach*
The reagen t i s  extrem ely s e n s itiv e  and g ives a  c le a r  
p o s itiv e  t e s t  w ith  sm all q u a n tit ie s  of m a te r ia l to  be te s te d .
The reagen t l a  prepared by adding l  drop of 37$ 
formaldehyde so lu tio n  to  approxim ately 1 ml of concentrated  
s u lfu r ic  acid  w ith s l ig h t  shaking. The reagent should be 
f re s h ly  prepared fo r  maximum s e n s i t iv i ty  and c o lo r  devel­
opment,
A convenient procedure i s  as follow ss to  1 ml of a 
non-aromatic so lvent (e .g . cyclohexsne* carbon te t r a c h lo r ­
id e  or petroleum  e th e r)  In  a t e s t  tube add 1 drop of the 
hydrocarbonj I f  the  hydrocarbon i s  s o lid , a few m illigram s 
are  s u f f ic ie n t .  Add 1-2 drops of th i s  so lu tio n  to  1 ml of 
th e  reagent in  a  t e s t  tube . Note the  co lo r of the  surface 
la y e r  of th e  reagent and/or th e  co lo r of the  reagent a f te r  
shaking th e  tu b e . The reagent may a lso  be added dropwise 
to  th e  so lu tio n  to  be te s te d  to  achieve the same e f f e c t .
Bere th e  drop of th e  reagent becomes colored in s te a d . In  
some cases th e  compound added d ir e c t ly  to  the  reagent gives 
a good t e s t  but u su a lly  the  d is t in c t iv e  co lo rs  w ill  not 
be as n o tic e a b le . The reagent I s  even more sp ec ific  i f  th e  
hydrocarbon so lu tio n  I s  chromatographed on a su ita b le
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adsorbent (a il lo io  acid ) and th e  extruded ooliaan streaked  
w ith the reagent (8 ) . i t  la  advisable to  run a blank 
t e s t  on the solvent used (p a rticu la rly  i f  oyolofoexane i s  
th e so lv e n t).
T ypical c o lo rs  produced a re  th e  following*
Ba&seae and I t s  hoaologuea Bed to  fe llo w  
Biphenyl Greeai sh-blue
naphthalene B lus-gseen
ghonanthrene B lua-green
Anthracene fellow -green
Trlphenylbenzene Blue
The h igher su bstitu ted  hoaologuea o f beasene a lso  
give a  v a r iety  of oo levs depending on the a lso  and 
masher of a lk y l rad ica ls attached to  the ring*
T©iu*ne Bed
grBufcylfcensece led
- ftailut ylben2@ne Pink
t-B u t ylbenae ne Oran©©
HosltyXem Grange
Dur©n© Brown
abxaothylkenseae Yellow
With tla e«  co lo rs f o r  a l l  compounds change to  various 
shades of brown or b lack .
Ths reagent has a lso  been found to  reac t f o r  a
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number of o th e r organic compounds. Of p a r t ic u la r  
I n te r e s t  i s  th e  re a c tio n  w ith  aromatic e th e rs  to  give 
In ten se  purp le  c o lo rs . For o th e r c la s s e s  of compounds 
th e  c o lo r  of th e  p roducts vary w idely w ith in  a  given 
c la s s .  S o lu b i l i ty  consedera tions should have p rev iously  
c a teg o rised  any o th e r c la s s  of compounds se n s it iv e  to  
t h i s  reagent except th e  In e r t  c la s s  of compounds which 
Included th e  arom atic hydrocarbons. Aryl h a lid e s  r e s e t  to  
a  very  s l ig h t  ex ten t to  give f a in t  pink c o lo rs . A liphatic  
hydrocarbons g ive l ig h t  yellow o o lo rs  a f t e r  a  period of 
standing*
A mechanism f o r  th e  p roduction  of o o lo r w ith  t h i s  
reagen t cannot be p resen ted  a t  t h i s  tim e. Since the  re ­
agent used s u lfu r ic  ac id  a s  th e  solvent* th e  re a c tio n  prob­
ab ly  Invo lves th e  form ation of carboxdua Ions w ith 
subsequent po lym erisa tion  to  products of undeterm inable 
com position.
(1) Shrlner* B. L ,,  and Fuson, H. C ,,  The Systematic
mw&is  fcarea.sewas  sJI:90- 3ra " •
(2) LoRosen, A. L ., Moravek* R. T.* and Carlton* J .  K.* 
S treak  Reagents fo r  Chromatography* J . Am. Chora. Soo.* 
g& 1335 (1S&2).
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